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PREFACE
The goals of my dissertation research were to investigate the efficacy of a microbial
biopesticide as a disease mitigation strategy for the fungal amphibian disease,
chytridiomycosis. Additionally, Chapter 2 assessed the safety of these biopesticides using
the model organism, Southern Leopard Frogs (Lithobates sphenocephalus).
The dissertation contains 4 chapters which are formatted for the journals to which
they will be submitted. Chapter 1, the introduction, and Chapter 6, the concluding
chapter, are formatted based on the journal Ecology Letters. Chapter 2, “Bacteria used in
organic agriculture inhibit growth of a pathogenic amphibian fungus in vitro” is
formatted for the journal Fungal Ecology. Chapter 3, “A Bacillus thuringiensis kurstaki
biopesticide does not reduce hatching success or tadpole survival at environmentally
relevant concentrations in Southern Leopard Frogs (Lithobates sphenocephalus)” is
formatted for the journal Environmental Toxicology and Chemistry. Chapter 4, “Bacillus
thuringiensis subsp. kurstaki exposure may prevent Batrachochytrium
dendrobatitis infection in Southern Leopard Frogs (Lithobates sphenocephalus)” is
formatted for the journal Ecology Letters. Chapter 5, “Impact of a Bacillus
thuringiensis biopesticide on larval Lithobates sphenocephalus in mesocosms following
exposure to Batrachochytrium dendrobatidis” is formatted for the journal Ecological
Applications. My concluding chapter, Chapter 6, is formatted for the journal Ecology
Letters.
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ABSTRACT
Weeks, Denita Mychele. Ph.D. The University of Memphis. July 2018.
Considering microbial pesticides as a disease mitigation strategy for the amphibian
fungal disease, chytridiomycosis. Major Professor: Matthew J. Parris.
Chytridiomycosis is an infectious amphibian disease caused by the pathogenic fungus
Batrachochytrium dendrobatidis (Bd). Bd attaches to keratin on the epidermis of amphibians,
invades skin cells, and may lead to pathogenesis in susceptible individuals. However,
susceptibility varies within and among species. While this is due to many factors, the skin
microbial community is a significant contributor to disease resistance. Amphibians form
symbiotic relationships with environmental microbes on the skin surface, some of which produce
antifungal agents that inhibit Bd. Interestingly, many agricultural biopesticides utilize the
common soil-dwelling bacteria, Bacillus thuringiensis. Through agricultural use, these bacteria
likely increase in environmental abundance and provide added opportunity for amphibian
exposure. These bacteria are known to produce antifungal metabolites that inhibit growth of
fungal plant pathogens. Additionally, Bacillus spp. appear in amphibian skin microflora, some of
which inhibit Bd. Yet, B. thuringiensis has never been considered as a biological control agent for
Bd. I determined the anti-Bd potential of B. thuringiensis in vitro and in vivo. Furthermore, while
the bacteria alone may be beneficial, the toxicity of commercial formulations has been scarcely
tested on amphibians. I assessed toxicological effects of a commercial biopesticide on Southern
Leopard Frog (Lithobates sphenocephalus) larvae. In vitro, B. thuringiensis significantly
inhibited the growth of Bd. In vivo, adult L. sphenocephalus exposed to B. thuringiensis prior to
Bd experienced a trend toward lower disease prevalence and lower infection loads than the group
only exposed to Bd. Furthermore, in environmentally relevant doses of a Bt-biopesticide, embryos
and larvae of L. sphenocephalus do not experience changes to developmental rate, postmetamorphic size, or mortality. These data suggest B. thuringiensis is safe, colonize the skin of L.
sphenocephalus, and warrant further studies to investigate their anti-Bd potential.
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CHAPTER 1: INTRODUCTION
Amphibian populations have experienced striking declines on a global scale.
While there are many factors that contribute to this, the amphibian fungal disease,
chytridiomycosis has been implicated in many of the observed declines. This disease is
caused by the pathogenic fungus Batrachochytrium dendrobatidis (Bd), which infects the
skin of amphibians. During infection, Bd releases toxins that inhibit the amphibian’s
immune system, disrupts intercellular connections in the skin, and interrupts electrolyte
transport (Fites et al. 2013, 2014; Thekkiniath et al. 2013; McMahon et al. 2013).
However, some amphibians are resistant to infection or experienced mitigated or absent
disease symptoms. Factors that affect susceptibility may include host genetics Bd strain
virulence, and the cutaneous microbiome (Savage & Zamudio 2011; Kueneman et al.
2013; Ellison et al. 2014; Piovia-Scott et al. 2015). While many of the factors
contributing to disease susceptibility are not subject to manipulation by conservation
biologists, the cutaneous microbiome has shown great potential as a tool for disease
prevention and mitigation in amphibian populations (Woodhams et al. 2015). Some
amphibians carry antifungal bacteria on their skin that are effective against Bd.
Additionally, these bacteria are culturable and transferrable to other individuals through
bioaugmentation, providing them with Bd disease resistance (Harris et al. 2009). Now
that evidence exists to underscore the role bacteria play in amphibian health, it is
important to understand how human activity, such as agricultural pesticides, impact these
symbiotic amphibian-microbe relationships.
Microbial pesticides, used in organic agriculture, consist of a live bacterial
component with pesticidal properties and proprietary inert ingredients. Following
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application of microbial pesticides (biopesticides), studies have found that the bacteria
remains viable and persists in the environment (Menon & de Mestral 1985; Hendriksen &
Carstensen 2013). Thus, these pesticides are contributing both a living organism and
synthetic (inert) ingredients into the environment. These biopesticides are considered safe
because the inert ingredients are regulated and required to be “food safe”. However, the
safety of biopesticides has not been tested on all non-target organisms. The EPA often
accept fish as a model organism for testing toxicity in “aquatic vertebrates” (U.S. EPA
1996). How these may impact amphibians in a toxicology context needs further testing.
Additionally, the bacterial component of biopesticides remains in the environment and
my interact with the cutaneous microbiome of amphibians. The most common bacteria
used in biopesticides, Bacillus thuringiensis, is a soil-dwelling gram-positive species with
insecticidal properties (Sansinenea 2012). Moreover, this bacteria produces antifungal
compounds that are effective against plant fungal pathogens. Evidence suggests that these
microbial pesticides persist in the environment and may be encountered by amphibians
(Menon & de Mestral 1985; Hendriksen & Carstensen 2013). Yet, the bacteria from these
biopesticides has not been tested for the potential to inhibit the amphibian fungal
pathogen, Bd.
My primary objective was to determine if bacteria from B. thuringiensis
biopesticide and the biopesticide liquid formulation was non-toxic and exhibited activity
against the amphibian fungal pathogen, Bd. In Chapter 2, I tested the hypothesis that Bd
growth would be inhibited by B. thuringiensis in vitro. In Chapter 3 I assessed the safety
of a B. thuringiensis biopesticide formulation in southern leopard frog (Lithobates
sphenocephalus) embryos and larvae. In Chapter 4, I tested the hypothesis that Bd
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infection or infection intensity could be inhibited by prior exposure to B. thuringiensis
cultured from a biopesticide. Finally, in Chapter 5, I investigated the impacts of the B.
thuringiensis biopesticide on mitigating Bd-infected L. sphenocephalus larvae in a
mesocosm environment.
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CHAPTER 2: BACTERIA USED IN ORGANIC AGRICULTURE INHIBIT
GROWTH OF A PATHOGENIC AMPHIBIAN FUNGUS IN VITRO
Introduction
As wildlife disease epidemics increase in prevalence, it is crucial to understand how
preexisting environmental relationships affect disease dynamics. The microbial
communities living within and on plants and animals play a key component in disease
resistance and mitigation (Ryu et al. 2004; Huang et al. 2011; Hoyt et al. 2015, Ganz et
al. 2017; Zaneveld et al. 2017). While many of these symbiotic relationships perform a
variety of functions, including keeping disease in check, physical and chemical
anthropogenic influences alter the diversity, density, and efficacy of the microbial
reservoir available to organisms (Nogales et al. 2011; Gottdenker et al. 2014). For
instance, evidence suggests that nutrient overloads, habitat alteration, antibiotics, and
pollutants shift microbial communities (Rantaleinen 2004; Sobolev & Begonia 2008;
Amato et al. 2013), potentially favoring the emergence and transmission of a pathogen
(Keesing et al. 2010; Gottdenker et al. 2014).
Opportunistic fungi naturally occur in the microbiome of most organisms, but
have the potential to become a threat if allowed to grow excessively (Atwis et al. 2014).
Space and nutrients are limited resources for symbiotic microorganisms and interspecific
competition among them maintains lower densities within a host. However, levels of
growth that lead to disease can occur when the microbiome is altered in a way which
allows competitive release of an opportunistic microorganism to become pathogenic
(Zaneveld et al. 2017). This imbalance may be a factor in recent disease epidemics
caused by pathogenic fungi in vertebrate taxa including amphibians (Antwis et al. 2014),
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snakes (Hill et al. 2017), bats (Hoyt et al. 2015; Lemieux-Labonté et al. 2016), and
humans (Singh 2001).
Chytridiomycosis, an emerging infectious disease of amphibians, caused by the
pathogenic fungus Batrachochytrium dendrobatidis (Bd), has been implicated in
population declines and extinctions worldwide. The fungus attaches to keratin on the
amphibian epidermis where it invades the skin cells. Symptoms of pathogenesis may
include inhibition and degradation of the immune system (Fites et al. 2013, 2014;
Thekkiniath et al. 2013; Ellison et al. 2014; Savage et al. 2016), release of toxins
(McMahon et al. 2013), disrupted electrolyte transport, and death by cardiac arrest
(Campbell et al. 2012). Spread of this disease into naïve populations is likely due to both
anthropogenic and natural contributors including: international food and pet trade (Fisher
& Garner 2007), invasive species (Bai et al. 2010), and native species that carry sublethal
infections (Reeder et al. 2012).
Importantly, susceptibility to Bd infection differs among species, populations, and
individuals. Variation in susceptibility occurs due to differences in host genetics (Savage
& Zamudio 2011), host ontogeny (Bakar et al. 2016), and Bd strain virulence (PioviaScott et al. 2015). However, symbiotic bacteria living on the skin of amphibians also
plays an important role in Bd susceptibility (Kueneman et al. 2013). Lam et al. (2010)
found that among two populations of Rana muscosa coexisting with Bd, only one
population experienced declines. When microbial communities were cultured from the
skin of the two populations, the population experiencing declines was missing Bdinhibiting bacteria. Some amphibians form symbiotic relationships with environmental
microbes that have antifungal properties effective against Bd, some of which inhibit Bd
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via antifungal metabolites (Harris et al. 2006). Amphibians obtain these symbionts
through indirect horizontal transfer from environmental reservoirs (i.e., soil, water;
Rebollar et al. 2016) or vertically from parent to offspring (Walke et al. 2011). Yet,
microflora diversity differs within and among individuals, populations, and species,
resulting in differences in bacterial immunity (Kueneman et al. 2013). In a method called
bioaugmentation, Bd-inhibiting microbial symbionts commonly found on amphibians,
such as Janthinobacterium lividum, can be added onto a Bd-susceptible species that lacks
the microbe and prevent infection (Harris et al. 2009). However, transferred probiotic
bacteria may not successfully colonize the new host. The critically-endangered Atelopus
zeteki has experienced catastrophic declines from chytridiomycosis. When J. lividum was
added to the skin of this species, it did not successfully colonize and prevent death from
chytridiomycosis (Becker et al. 2011). More research is needed to pinpoint the factors
that drive variation in probiotic treatment success. However, bioaugmentation can
successfully prevent Bd infection in at least some amphibian species and has become a
focal point in research against this pathogen (Bletz et al. 2013). Since these anti-Bd
microbes are obtained from the environment, it is important to understand how human
activity changes the environmental reservoir that animals are exposed to. Interestingly,
some of the soil-dwelling microbes utilized by amphibians are also used in manufacturing
microbial pesticides.
Microbial pesticides (biocides) are a means of pest control that utilize the natural
pesticidal properties of an environmental microorganism as the active ingredient. While
the effects of pesticides on non-target organisms are often considered a negative
consequence (Köhler & Triebskorn 2013), biocides are safer than widely-used chemical
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pesticides and commonly used in organic agriculture (Sansinenea 2012). For example,
Bacillus thuringiensis (Bt), a common gram-positive soil-dwelling bacterium with
insecticidal properties, has been used in agriculture for over 70 years. Biocides made with
Bt currently dominate 90% of the biocide market, making it the most successful microbial
insecticide (Sansinenea 2012). Bacillus spp. also appear in amphibian skin microflora
(Harris et al. 2006; Holden et al. 2015), some of which inhibit Bd. While it is not known
if Bt is a symbiotic amphibian microbe, closely related B. cereus (genetically considered
the same species as Bt; Helgason et al. 2000) has been identified as such (Culp et al.
2007).
Similar to the other beneficial cutaneous microbes of amphibians, Bt is known to
produce antifungal secondary metabolites, some of which are volatile organic compounds
(Sansinenea & Ortiz 2011). Volatile organic compounds (VOCs) produced by bacteria
function in a variety of mutualistic, commensal, and antagonistic interactions among
microorganisms (Wheatley 2002). These interactions may determine spatial relationships,
metabolic activity, gene expression, and growth stimulation or inhibition of other
bacterial and fungal species (Wheatley 2002). For instance, Bacillus spp. are known to
produce anti-fungal VOCs that inhibit growth of fungal plant pathogens (Mackie &
Wheatley 1999; Chaurasia et al. 2005; Chaves-López et al. 2015). These natural antifungal agents produced by Bacillus spp. have made it a tool for biocontrol of
phytopathogens in nature (Chaurasia et al. 2005; Weisskopf 2013). However, Bacillus
bacteria used in biocides have yet to be tested for any inhibitory action on the amphibian
fungal pathogen, Bd.

8

In studies assessing the efficacy of potential probiotics that prevent or mitigate
chytridiomycosis, the first step is often an in vitro assay to assess the anti-fungal action of
the bacterium independent of a host (Bell et al. 2013; Holden et al. 2015; Woodhams et
al. 2016). In this study, I measured the in vitro anti-Bd potential of B. thuringiensis subsp.
Kurstaki (Btk) VOCs, found in the commercial product Monterey B.t. on a divided petri
dish. I hypothesized that if anti-fungal VOCs were produced by Btk that inhibit Bd
growth, there would be differences in Bd growth among treatments.

Methods
Bacillus thuringiensis subsp. kurstaki preparation
Many biopesticide formulations are composed of a high percentage of non-bacterial, inert
ingredients. I chose Monterey B.t. commercial biocide to test against Bd because the
formulation consists of 98.35% active ingredient, or B. thuringiensis subsp. kurstaki. For
this assay, I grew a pure culture from the biocide formulation, so any inert ingredients
were not a confounding factor. The large component of bacteria, rather than inert
ingredients, in the Monterey B.t. formulation facilitates better cross-comparison with
other Btk studies. To isolate Btk bacteria from Monterey B.t., 1% tryptone nutrient agar
plates were prepared and streaked with a 10 µl inoculation loop and allowed to incubate
at 25 ºC for 48 hours. Upon visible growth of B. thuringiensis bacterial colonies,
individual colonies were selected for subculture into 1% tryptone nutrient broth. Those
cultures where then placed on a rotating incubator for 28-hrs at 30 ºC to reach optical
density (OD) readings consistent with preliminary data for the exponential growth phase
of this bacteria in tryptone broth (OD600nm = 0.84 ± 0.01).
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Batrachochytrium dendrobatidis preparation
The Bd strain (FMB 003) used in this study was locally isolated from an infected, wild
southern leopard frog (Lithobates sphenocephalus) in May 2010 at Meeman-Shelby State
Park, Shelby County Tennessee. This strain has been grown in 1% tryptone broth
following standard protocol (Longcore et al. 1999) and resulted in infection of Lithobates
sphenocephalus lab animals (Hanlon et al. 2012). Bd was grown on 1% tryptone agar for
12 days. The plates were flooded with 3 ml of aged tap water to harvest zoospores and
counted on a hemacytometer (4.0 x 106 zoospores/ml).

In vitro Challenge
Divided petri plates were prepared with 1% tryptone agar in both compartments. Both Btk
and Bd have been grown successfully on this media. The control (n = 8) and treatment
(n=9) plates each received 2 ml of Bd harvested from tryptone agar on one half of the
plate. The remaining half of the treatment plates received a streak of Btk liquid culture
and the controls remained unmanipulated. Plates were sealed with parafilm and incubated
at 21°C (within an optimal range for Bd growth; Piotrowski et al. 2004) for 14 days.
Analysis
Following incubation, photos were taken of each plate on a backlit plate counter using a
Canon EOS Rebel T1i camera with 50 mm Sigma Macro Lens attached to a tripod. Image
J analysis was used to assess the percentage of Bd growth on each plate (following
Woodhams et al. 2016). Statistical analysis was completed in SYSTAT using a two
sample t-test.
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Results
The percent of Bd cover differed significantly between the treatment and control groups
(t15 = -5.765, p < 0.001). Bd growth in the control group exhibited almost double the
growth (mean ± s.e. = 5.7% ± 0.38) in comparison to the stunted growth in the treatment
group (mean ± s.e. = 3.02% ± 0.28) where Bd growth was challenged by Btk bacterial
growth in the opposite half of the plate (Figs. 2.1 and 2.2).

Fig. 1. Photos taken of control (A) and treatment (B) plates to analyze
percentage of Bd growth (on right side of both plates).

Percent Bd growth (%)

7
6
5
4
3
2
1
0

Control

Bt Challenge

Fig. 2. Percent of Bd growth following exposure to volatile organic
compounds produced by Btk (t15 = -5.765, p < 0.001).
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Discussion
This study was the first to examine the anti-fungal potential of biopesticide-derived
bacteria on the amphibian fungal pathogen, Batrachochytrium dendrobatidis. The
inhibition of Bd growth exhibited in the treatment group (Fig. 1 & 2) suggests that Btk
bacteria produced volatile organic compounds (VOCs) with antifungal properties
effective against Bd. The methods used in this assay provide evidence of this by requiring
that any inhibitory action occurred via crossing over a plastic divider using atmosphere as
a medium, thereby removing any potential competitive interactions over space or
nutrients. Metabolites produced by bacteria, including VOCs, have antifungal and
antimicrobial properties that interact with other microorganisms (Wheatley 2002), and
this has implications for wildlife diseases of vertebrates. Bacillus spp. are known to
produce metabolites that are effective against other fungal wildlife pathogens (Chaurasia
et al. 2005; Weisskopf 2013; Micalizzi et al. 2017). This study suggests that VOCs
produced by Btk may be considered as a preventative strategy for Bd. Moreover, B.
thuringiensis also produces a variety of non-volatile antifungal metabolites (such as
zwittermicin, kurstakin, and bacteriocin; Sansinenea & Ortiz 2011) that could also be
tested for activity against Bd.
The results of this study broadens the potential utility of B. thuringiensis biocides.
Commercial formulations of Bt biocides are already sprayed from aircraft, over
agricultural fields, and applied to gardens as an organic insecticide alternative to
chemical pesticides. The insecticidal toxins produced by biocides degrade quickly in UV
light, minimizing the bioaccumulation of toxic effects to nontarget organisms
(Hendriksen & Carstensen 2013. Yet, Bt spores can persist and germinate in a terrestrial
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plot up to 13 years (Hendriksen & Carstensen 2013), suggesting that the bacteria from
these biocides have the potential for long-term impact in a biocontrol context. These
persisting bacteria become part of the environmental reservoir and interact with other
organisms. While studies of bacteria with anti-Bd potential are not new, bacteria from
biopesticides have never been considered as a disease mitigation strategy. Typically,
studies of anti-Bd bacteria have focused attention on bacteria cultured from amphibian
skin (Harris et al. 2006; Bell et al. 2013; Loudon et al. 2014; Holden et al. 2015). These
studies have contributed greatly to defining the native amphibian microbes that provide
disease resistance. In these studies, potential anti-fungal action is often examined in vitro
on an agar surface or in liquid culture using cell-free supernatants to test bacterial
metabolites for anti-Bd potential. Rather recently, VOCs, the lesser-studied metabolites
that can have more far-reaching spatial impact, have been added to the list of potential
ways that beneficial bacteria can inhibit growth of Bd (Woodhams et al. 2016;
Woodhams et al. 2018). Metabolites produced by bacteria, including VOCs, have shown
great promise as preventative or mitigative strategies in the face of amphibian diseases. In
light of the growing number of bacteria discovered to have anti-Bd properties, a database
has been constructed to catalog the potential candidates for anti-Bd probiotics
(Woodhams et al. 2015).
Future studies that aim to address the efficacy of Bacillus thuringiensis strains and
biopesticide products against Bd have many considerations to make. When we identify
the conditions required for bacteria to produce antifungal metabolites, we have a better
understanding of the conservation context in which the bacteria can be effective. When
Woodhams et al. (2018) cultured bacteria from amphibian skin, they found considerable
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differences in metabolite production from the liquid cultures grown at different
temperatures and in different media. It is well known that temperature has a significant
effect on bacterial growth and metabolism; the optimal growth temperature for B.
thuringiensis is 30 °C (Ignatenko et al. 1983). Thermal preferences of a host species may
fall outside of this range, rendering the treatment strategy useless. In this study, I
incubated the plates at a temperature that was known to be in an optimal range for Bd
growth (21°C) and falls within the low end of the range for Btk growth (Ignatenko et al.
1983). Thus, even in suboptimal thermal conditions, Btk was successful at inhibiting the
growth of Bd. Moreover, nutrients play a major role in the growth and metabolism of
bacteria, thereby affecting production of metabolites (Ruiz et al. 2010). The nutrient
source used in this study, 1% tryptone, was chosen because it is an ideal media for Bd
growth in the laboratory (Longcore et al. 1999) and preliminary trials showed that Btk
also grew successfully on this media. This implies that Btk and Bd can coexist, and even
thrive, in similar environments and under some conditions, Btk can inhibit Bd growth.
Research for amphibian probiotics should focus on the ecology of a microbial
community that will live on the host. Both abiotic and biotic factors will affect the
community structure and metabolite production. For instance, evidence suggests quorum
sensing is a requirement of metabolite production in some bacterial species (Latifi et al.
1995; Williams et al. 2007). Quorum sensing occurs once the density of a bacterial
population reaches a minimal threshold. Upon reaching this density, signaling molecules
trigger the bacterial culture to act as a unit, producing molecules that initiate aggregation,
conjugation, virulence, motility, and competitive interactions (Williams et al. 2007).
Similarly, interactions among bacteria are known to have synergistic or antagonistic
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effects on the metabolites produced by microorganisms. These effects on metabolite
production affect whatever landscape they are inhabiting, whether it is soil or the tissue
of a larger organism. Loudon et al. (2014) found that when a native amphibian Bacillus
spp. was grown together in vitro with other well-known probiotics (i.e.,
Janthinobacterium sp. or Pseudomonas sp.), they had synergistic inhibition on Bd
growth. However, when only one of those species was present, Bd growth was not
reduced. Finally, the presence of an anti-fungal microbe in the environmental reservoir
does not guarantee that a host can or will obtain that microbe. Loudon et al. (2013) found
that microbes carried on the skin of Plethodon cinereus were environmentally derived,
but the cutaneous microbial community did not match the same community found in the
environment. The presence of some, but not all, environmental bacteria in the cutaneous
microbiome suggests that host factors and bacterial preferences select for and maintain
the host-associated microbiome (Kueneman et al. 2013). Thus, in addition to assays of
bacterial activity on a community scale, successful bioaugmentation onto a potential host
is another consideration that must be made when exploring potential probiotics.
Bioaugmentation research has broad application to a wide array of wildlife
diseases. Emergent fungal pathogens are becoming more prevalent across a variety of
taxa (Antwis et al. 2014, Hoyt et al. 2015, Lemieux-Labonté et al. 2016, Hill et al. 2017).
Within the last decade, another fungal pathogen of amphibians, Batrachochytrium
salamandrivorans (Bsal), was discovered with pathogenicity to salamanders (Martel et al.
2013). Woodhams et al. (2018) found that VOCs produced by symbiotic amphibian
bacteria are effective against both Bd and Bsal. North American bats have also
experienced population declines during hibernation due to white-nose syndrome, a deadly
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disease caused by the pathogenic fungi Pseudogymnoascus destructans (Blehert et al.
2009). However, Micalizzi et al. (2017) found that over 100 environmentally-obtained
bacterial isolates, including some in the genus Bacillus, had antagonistic effects on the
growth of P. destructans in vitro. P. destructans grows readily on surfaces within caves,
suggesting that environmental control of the fungus may help mitigate disease (Micalizi
et al. 2017; Verant et al. 2017). As such, VOCs are recognized as an important tool in
combating the fungal pathogen because of the long distance effect they can have on
eliminating P. destructans within hibernacula (Cornelison et al. 2014).
Microbial biocides are already being used in environments that host amphibians
and other wildlife. It would be valuable to understand how bacteria used in these biocides
are affecting non-target organisms and the environmental microbiome in a disease
framework. If these biocides are found to be beneficial in this context, perhaps they can
replace more harmful chemical pesticides that have far-reaching negative effects on nontarget organisms (Köhler & Triebskorn 2013). Evidence suggests that the toxic
components of biopesticide-derived Bacillus bacteria do not bioaccumulate in the
environment (Hendriksen & Carstensen 2013), like chemical pesticides. Moreover,
Bacillus spores can persist in the environment and germinate (Hendriksen & Carstensen
2013). These properties of Bacillus bacteria suggest they are relatively safe when
compared to fully-synthetic chemical pesticides. The results of this study further suggest
that anti-fungal metabolites produced by biopesticide-derived Bacillus bacteria should be
considered as a disease mitigation strategy for wildlife pathogens.
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CHAPTER 3: A BACILLUS THURINGIENSIS KURSTAKI BIOPESTICIDE DOES
NOT REDUCE HATCHING SUCCESS OR TADPOLE SURVIVAL AT
ENVIRONMENTALLY RELEVANT CONCENTRATIONS IN SOUTHERN
LEOPARD FROGS (LITHOBATES SPHENOCEPHALUS)

INTRODUCTION
Anthropogenic influences have been implicated as significant factors in the global
loss of biodiversity (Brearly et al. 2012). Among vertebrates, amphibian populations have
been particularly impacted by human activity (Collins & Storfer 2003; Mann et al. 2009).
Changes to the physical and chemical parameters of wetland habitats can negatively
affect amphibian fitness through direct mortality or indirect impacts on physiological
(Christin et al. 2013) and morphological traits (Brodeur et al. 2013). Furthermore, shifts
in abiotic and biotic environmental relationships can alter disease dynamics (Gottdenker
et al. 2014; Rohr et al. 2013). For instance, some host populations that have been stressed
or immune-compromised by chemical pollutants are more susceptible to pathogens
(Mann et al. 2009). Thus, in addition to acute, direct impacts on survivorship and
reproductive success, exposure to chemicals may lead to sublethal effects such as
endocrine disruption, developmental deficiencies, increased susceptibility to disease or
parasitism, or altered reproductive potential (e.g., Mann et al. 2009; Sparling et al. 2010).
Following initial determination of concentrations that cause mortality, subsequent studies
that assess potential sublethal impacts are needed before classifying a pesticide as “safe”.
Amphibians typically encounter environmental contaminants as runoff from nearby
human activity (e.g., roads, agriculture). Contaminants present in polluted environments
may include heavy metals, pesticides, or nutrient-rich fertilizers, which may not be
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perceived as an acute stressor by an amphibian when in low concentrations. The lifehistory effects that many chemically-based pesticides have on amphibian health have
been widely studied (reviewed by Lehman and Williams 2010), yet toxicological effects
of biopesticides, a class of pesticides that utilize bacteria as active ingredients, are largely
unexplored for amphibians.
Biopesticides are used in organic agriculture and largely considered safe to nontarget organisms (Sansinenea 2012). Bacillus thuringiensis (Bt), a common gram-positive
soil-dwelling bacterium with insecticidal properties, has been used in agriculture for over
70 years. It currently dominates 90% of the biopesticide market, making it the most
widely-used type of microbial insecticide (Sansinenea 2012). Bt is a well-known insect
pathogen and acts as the active ingredient in many biological insecticides through the
production of crystal (Cry) proteins. The Cry proteins are inactive protoxins that are
ingested by insects and solubilized by the proteolytic activity of gut bacteria, converting
them to active toxins . Ultimately, the active toxin binds to specific gut receptors and
causes perforation of cellular membranes (reviewed in Lüthy & Ebersold 1981). This
leads to septicemia, loss of appetite, and starvation. There are many serotypes and
subspecies of Bt, each classified based on flagellar antigens (Höfte and Whiteley 1989).
The various subspecies differ in the type of Cry proteins they produce and therefore vary
in their pathogenicity to insect groups. Some subspecies of Bt produce multiple Cry
proteins, and thus are more general in their pathogenicity to insect hosts.
Cry proteins themselves are not regarded as toxic to vertebrates, yet commercial
formulations of all pesticides (microbial and chemical) are made with a variety of
inactive ingredients, some of which negatively impact non-target organisms (Snarski
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1990). Although the specific inert ingredients are often undisclosed for some commercial
products, production of microbial insecticides has been moving toward more organic
inert ingredients including sea water (Ghribi et al. 2007), wastewater sludge (Yezza et al.
2005), agricultural by-products (Valicente et al. 2010), and more recently, food waste
(Zou et al. 2016). Inert ingredients provide a favorable, nutritious environment (i.e.,
carbon and nitrogen sources) for the bacteria, maximize Cry protoxin production,
regulate droplet size and density of the liquid formula for maximum yield (when the
product is sprayed), and aid in product adhesion to plants. The public list of federallyapproved inert ingredients in Bt formulations are all “Generally Regarded As Safe”
compounds and federally approved food additives (USDA 2004), suggesting they are
unlikely to be toxic. However, even USDA-approved food additives may be harmful to
non-target organisms, such as amphibians.
Little is known about the toxic effects that Bt-based biopesticides may have on
amphibians. Only two anuran risk assessment studies have been conducted, which used
the Bt subsp. israelensis (Bti) bacteria or a Bti–based biopesticide. Paulov (1985) found
that high doses of Bti bacteria did not have toxic effects on Rana temporaria tadpoles, but
low doses slightly increased tadpole weight and speed of metamorphosis. On the other
hand, Lajmanovich et al. (2015) found that a Bti commercial pesticide caused mortality in
Leptodactylus latrans tadpoles at high doses and intestinal damage at sublethal
concentrations. While there are many Bti commercial products available domestically, the
specific product used by Lajmanovich et al. (2015) is inaccessible in the United States,
and therefore may not contain federally-approved inert ingredients. Though amphibians
are exposed to Bti-based pesticides, which are primarily used for mosquito and fly
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(Dipteran) larvae control, Bt subsp. kurstaki (Btk) pesticides are also widely used to
control moth and butterfly (Lepidopteran) larval pests in habitats that overlap with
amphibians (Sanchis & Bourguet 2008). Btk-based pesticides are utilized by the general
public for organic gardening in urban and suburban areas. These pesticides are also
applied from aircraft and may be present in forest water bodies (Kreutzweiser et al.
1996). In organic agriculture, Btk-based products are sprayed in large scale over rural
crops. These rural areas typically harbor a higher density of wetlands relative to
developed urban regions, including agricultural runoff ponds and ditches where
amphibians breed. We chose a Btk-based biopesticide (Monterey B.t. Biological
Insecticide: 98.35% B.t. kurstaki solids, spores, and active toxins; 1.65% other
ingredients) for this study given the broad application of these products in both urban and
rural areas (Yul et al. 2007). Aquatic vertebrate toxicity studies for Btk biopesticides have
been limited to fish, specifically rainbow trout, Oncorhynchus mykiss (Christensen 1990),
which may not be relevant indicators of amphibian health. For example, in studies of
atrazine, a widely-used chemical pesticide, differences were found in the toxicity
threshold among Oncorhynchus mykiss, other fish, and amphibians (U.S. EPA 2009). In
some cases, amphibians were more sensitive than fish, but this response also depended on
age class. Furthermore, biopesticides contain viable, living organisms, and may have
more dynamic interactions with non-target hosts than traditional chemical pesticides. For
instance, Bacillus bacteria have been found living in the microbial communities of
amphibian skin (Harris et al. 2006) suggesting that Bacillus spp. found in biopesticides
have the ability to become a component of the amphibian microbiome. The cutaneous
microbiome is important in disease resistance, recovery, and overall health of amphibians
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(Harris et al. 2006; Longo and Zamudio 2017; Muletz-Wolz et al. 2017). While most
agricultural fields are sprayed with harmful chemical pesticides that are known to have
detrimental effects on amphibians (Boone and James 2003; Hanlon et al. 2015), research
has yet to determine if Btk biopesticides have a negative or positive impact on
amphibians. My study fills a gap in the biopesticide ecotoxicological literature,
elucidating the effects of a Btk-based commercial formulation, Monterey B.t. Biological
Insecticide, on a common amphibian species, Lithobates sphenocephalus (Southern
Leopard Frog).
Lithobates sphenocephalus embryos and premetamorphic larvae were exposed to
Monterey B.t. Biological Insecticide to test for potential toxicological effects on embryo
hatching success and larval survival. L. sphenocephalus is known to be sensitive to
chemical pesticides at multiple life stages (Bridges 2000; Hanlon et al. 2015). While
there is minimal information regarding biopesticide toxicity thresholds for amphibians,
dosage is often a significant predictor of these thresholds in both amphibians and other
non-target organisms (Grisolia et al. 2009; Lajmanovich et al. 2015). Preliminary
research with L. sphenocephalus larvae showed a lack of mortality after exposure to
Monterey B.t. at extremely low doses (0.02 ml/L; Weeks, unpubl.). As such, I
hypothesized that at environmentally-relevant concentrations, Monterey B.t. would not
negatively impact the hatching success or survival of L. sphenocephalus, but that high
doses may reduce hatching and survival in these early life stages.
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METHODS
Embryo exposure
I collected ~100 eggs from four L. sphenocephalus egg clutches from three local
wetlands in Shelby County, Tennessee, after breeding events in early March 2017.
Individual viable embryos were randomly selected from each partial egg mass, and
placed into 1.5 L plastic containers (n = 18 per container) containing 500 ml of pond
water from a local wetland. Randomization was carried out by retrieving a single viable
embryo from each egg mass and placing it into a new container in rotation until all
containers had 18 embryos. The containers of pond water (500 ml) containing embryos
were then randomly assigned to treatment groups: Control (0.0 µl Monterey B.t.; n = 7
containers), Low Dose (2 µl Monterey B.t.; n = 8 containers), High Dose (1.3 ml
Monterey B.t.; n = 6 containers). The low dose is the expected environmental
concentration (EEC) calculated as a concentration that would occur in a shallow (depth =
6 inches or 6.17 x 105 L) wetland directly oversprayed at an application rate of 2 fl oz /
1000 sq. ft (per the product label). This method is used by the U.S. EPA in compliance
with EPA Tier I Microbial Pesticide Test Guidelines for freshwater fish (U.S. EPA,
1996a). The final calculated EEC is 0.0042 ml/L. This dose may occur in wetlands after
overspray from nearby agricultural application or runoff following rainfall. The high
dosage used was 50% of the maximum application rate (2.6 ml) for garden pest control
per the product label because the maximum application rate resulted in a noticeable
decline in water quality (i.e., cloudy with a brown tinge and odor). While the high dose
used is unlikely to be encountered in nature (650 × EEC), there is a complete lack of Btkbiopesticide toxicity information for amphibians, and therefore the high dosage provides
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a benchmark for future studies to be conducted. The EPA Tier I toxicity testing guideline
(U.S. EPA, 1996b) only requires testing on fish as a model organism to represent
freshwater vertebrates. As such, the LC50 values for amphibians are unknown for
biopesticides. Our high dosage is extreme but still below the highest doses commonly
tested on fish by the EPA (i.e., 1000× the calculated pesticide concentration in a 6-in
layer of water; EEC; U.S. EPA, 1996a).
Containers were checked daily for dead embryos, indicated by cloudiness
surrounding the embryo, which were removed to prevent fouling. The number of hatched
individuals was recorded daily. A water change took place on Day 4 and Monterey B.t.
doses were refreshed. The experiment ended on the 7th day, at which point all unhatched
embryos were not counted as “hatched.” Hatching success and overall survival to Day 7
for each tank was analyzed in SAS using a generalized linear model. All data were
assessed for normality and homoscedasticity prior to analysis.

Premetamorphic tadpole exposure
Following breeding events in March 2017, partial Lithobates sphenocephalus egg
masses (n = 3-4) were collected from local wetlands in Shelby County, TN. Tadpoles
were hatched in the lab, reared to free-swimming stage (Gosner 25; Gosner 1960), and
randomly assigned to 1.5 L plastic containers in 500 ml of aged mesocosm (artificial
ponds constructed by our lab) water (n = 6 per container). These containers were then
randomly assigned to the following groups (n = 8 containers per treatment): Control (0.0
µl Monterey B.t), Low (2 µl Monterey B.t), Medium (200 µl Monterey B.t), and High
(1.3 ml Monterey B.t). These concentrations were calculated exactly as in the Embryo
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Exposure experiment except for the addition of a medium dose. This was calculated as
EEC x 100. Per the EPA Microbial Pesticide Test Guidelines for freshwater fish (U.S.
EPA, 1996a), maximum hazard concentration in aqueous exposure should be at least
1000× the calculated pesticide concentration in a 6-in layer of water (i.e., EEC). I did not
use this dose because it would have caused an extreme decline in water quality. Instead
we chose to test EEC × 100 for our medium concentration, which assesses the impact of
an extreme concentration but was lower than our highest dose (650 × EEC).
After I added Monterey B.t. in their respective doses, containers were monitored
daily for mortality and dead individuals were recorded and removed to prevent fouling of
the water. Water changes took place on Day 4 and I refreshed Monterey B.t. doses. The
experiment ended on Day 7. Using a mixed linear model in SAS with Tukey post-hoc
comparisons, I assessed the effects of exposure concentration and number of exposure
days on the proportion surviving. Additionally, the probit procedure was used in SAS to
calculate the 96-h LC50 with 95% CI for Monterey B.t. aqueous suspension.

RESULTS
Embryo exposure
Monterey B.t. treatment significantly affected hatching success (F2,18 = 21.75;
P<0.001; Fig. 1). Because all embryos that hatched did so on Day 2, we only analyzed
hatching success for Day 2. A Tukey’s HSD post-hoc analysis revealed that hatching
success in the high concentration was reduced significantly (P<0.05) relative to the low
concentration and control group. There were no significant differences between the low
(EEC) concentration and control group (Fig. 1). In the analysis of overall survival to Day
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7 (F2,18 = 24.54; P<0.001), survival in the high concentration group was lower by Day 7
(14% ± 0.06) than in the low concentration (71% ± 0.08) or control groups (77% ± 0.05)
(Tukey’s HSD; P<0.05). Low concentration did not differ from the control group in
survival.

Percent Hatched

100%
80%
60%
40%

*

20%
0%
Control

Low

High

Figure 1. Percent of L. sphenocephalus embryos hatched following
Monterey B.t. exposure (F2,18 = 21.75; P<0.001). Significance differences
from Tukey’s HSD post-hoc analysis denoted by (*).

Premetamorphic tadpole exposure
Monterey B.t. concentration, length of exposure, and the interaction affected
survival of Lithobates sphenocephalus tadpoles (Table 1; Fig. 2). Mortality did not occur
following Day 4 of the experiment, so data following that time was not included in the
analysis. A Tukey’s HSD post-hoc for Day 4 indicated the high concentration of
Monterey B.t. significantly reduced survival (P<0.05), more than all other groups, to
37.5%. Mean survival in the low and medium concentration groups was 91.2% and
79.2%, respectively; these did not differ from the control group (95.83% survival) or each
other. Using probit analysis, a 96h LC50 of Monterey B.t. for L. sphenocephalus
premetamorphic larvae was 1.81 ml L-1 (95% CI, 1.06—3.48 ml L-1).
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Table 1: L. sphenocephalus tadpole survival after exposure to Monterey B.t.
Survival
Treatment (df=3,28)
Time (df=4,112)
Treatment*Time (df=12,112)

F

P

16.88
44.35
14.68

<0.001
<0.001
<0.001

Percent Survival
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L

M

Day 3

Day 4

H

Figure 2. L. sphenocephalus survival following Monterey B.t. exposure
(see Table 1 for analysis).
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DISCUSSION
High doses of Monterey B.t. biopesticide (650 × EEC) significantly reduced both
embryo hatching success and survival of premetamorphic L. sphenocephalus tadpoles.
Although the high concentration used in this study is unlikely to appear in nature, the
range of concentrations chosen created a framework within which to carry out future
amphibian toxicity studies for Btk biopesticides. The high dosage used in our experiments
(1.3 ml per 500 ml of water) is lower than the 1000 × EEC used in EPA toxicity studies
(U.S. EPA 1996a), which would have been a 2-ml per 500 ml exposure for our
experiments. Yet, our high dosage still had a significant negative effect on both embryos
and tadpoles.

Embryo exposure
During embryo development, the egg jelly, while protective against desiccation, is
actively exchanging gases and other materials with the aquatic environment (Birge et al.
2000). It is clear from other toxicity studies that L. sphenocephalus embryos are sensitive
to environmental contaminants (Bridges et al. 2000; Hanlon et al. 2015). In this study, the
control group exhibited 77% hatching success rate which is comparable to the 71.4%
hatching success of the L. sphenocephalus control group in Bridges (2000). This
demonstrates that hatching success below 100% is expected from this species on average.
However, the low concentration of Monterey B.t. did not significantly reduce hatching
success rate (73%) relative to the control group. Thus, amphibians breeding in water
bodies near agriculture or consumer gardens should not experience a significant reduction
in hatching success if exposures remain in environmentally expected concentrations.
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High doses, however, led to significant reduction in hatching survival with only 16%
hatching successfully (Fig. 1). Amphibian embryos would only be exposed to a dose this
high if a consumer were to dispose of a mixed solution directly into a water body. These
results support our hypothesis that Monterey B.t. does not negatively affect hatching
success at environmentally-relevant concentrations.
The reduced hatching success in the high concentration group included halted
development during organogenesis. A majority of the individuals that never hatched
developed to Gosner Stages 15-18, but did not proceed past this stage. This range of
development is characterized by formation of the neural tube, gill plate, and cephalization
(Gosner 1960). These stages also take place immediately before a heartbeat and gill
circulation begins. The mechanism for halted development is beyond the scope of this
study, but, given the observed pattern of mortality, could be related to the development of
neurological tissue. Considering that the significant decline in hatching success occurred
only at high doses, this may be attributable to a decline in water quality or oxygen
availability. Oxygen consumption is critical to embryo development and may have been
interrupted by the high concentrations (Seymour 1999).

Premetamorphic tadpole exposure
In Lithobates sphenocephalus, premetamorphic tadpoles are characterized
morphologically by Gosner stages 25-34, and represent newly hatched, free-swimming
tadpoles that lack limbs and a thyroid gland. The lack of thyroid hormone production has
important implications for how tadpoles respond to environmental stressors (Denver
2009). In older, prometamorphic, tadpoles with a functional thyroid gland, thyroid
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hormone production, in conjunction with corticosterone, allows a tadpole to undergo
accelerated development to escape an environmental stressor (i.e., desiccation,
predation). However, in premetamorphic tadpoles, adaptive responses are restricted due
to an underdeveloped thyroid gland, and a perceived stressor may lead to arrested
development or mortality (Denver 2009). Variation in tadpole responses to a perceived
stressor also depend on the type of stressor present. For instance, sensitivity to
ammonium nitrate from fertilizer is higher for younger tadpoles within the
premetamorphic stage (Ortiz-Santaliestra et al. 2005). Yet, other studies find that
prometamorphic tadpoles are more sensitive to contaminants than premetamorphic
conspecifics (Siddiqua et al. 2013; Mesléar et al. 2016). In addition to immediate effects
of exposure, Boone et al. (2013) also found that early-life acute exposures to the chemical
pesticide, carbaryl, can have long-lasting impacts on mRNA expression in the brain and
the magnitude of this response is dependent on the larval stage of exposure. Thus, even in
the absence of acute effects on tadpole growth or survival, pesticides can affect fitness
later in life. This underscores the importance of assessing multiple stages of development
for toxicity thresholds in amphibians. The premetamorphic tadpoles used in our
experiment exhibited some mortality in the control group, as expected for this sensitive
life stage. However, the lack of significant differences in survival between the control
(96%) and low concentration (92%) suggests that Monterey B.t. would not affect survival
of L. sphenocephalus premetamorphic larvae exposed to expected environmental
concentrations. Furthermore, the range of concentrations used in this study indicated a
96h LC50 of 1.8 ml L-1, which is well above any concentration expected in nature (e.g., 4
µl L-1 for a 6-in deep aquatic area, sprayed directly at manufacturer’s recommended rate).
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With these data as a benchmark, assessments on survival of prometamorphic L.
sphenocephalus larvae would be useful to confirm the safety of this product for all
aquatic age classes of this species. Additionally, studies are needed to assess any longterm sublethal impacts of exposure.
The mechanism behind the observed dose-dependent mortality is not clear. While
research is lacking on the effects of Bt kurstaki (Btk) formulations on amphibians, some
studies have assessed toxicity of specific components, such as the protoxins (Cry
proteins) produced by the bacteria, on fish. Grisolia et al. (2009) found that combinations
of Btk protoxins had genotoxic effects on adult zebrafish (Danio rerio) during 96-hour
exposures, although this effect was not seen when exposed to only one of the protoxins. It
is well established that combinations of some protoxins have synergistic effects and can
be more toxic than individual protoxins (Tabashnik 1992). The insecticidal protoxins
produced by Bt exhibit cytolytic activity on gut membrane epithelia of insects. This
mechanism of toxicity in the target organism is thought to contribute to toxicity in nontarget organisms at high doses. Additionally, Grisolia et al. (2009) found that zebrafish
larvae were more sensitive than adults, with 100% mortality occurring at high dosages.
This suggests that protoxins produced by the bacteria may be the mechanism for toxicity
and the strains of B. thuringiensis that produce multiple toxins may present different
challenges for non-target organisms if there are interactions among multiple toxins. Yet,
Wipfli et al. (1994) used autoclaved Bti formulations to denature the Bti protoxin and kill
spores before testing effects on survival of multiple species of trout. Mortality was
observed in three trout species at high doses, suggesting toxicity was caused by the inert
ingredients in this study, instead of the protoxins. The results among these studies
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indicate that the mechanism for mortality may differ among host species, the number and
combination of bacterial protoxins, or inert ingredients in the formulation. As in chemical
pesticides, commercial products vary greatly in composition and broad generalizations
should not be made about the ecological impacts one product on other non-target
organisms.
The few amphibian toxicity studies conducted have focused on Bti formulations
or protoxins because these are often directly applied to water bodies that amphibians
utilize to control larval mosquito populations. Paulov (1985) found that the protoxins
from Bti did not have toxic effects on larval Rana temporaria, but increased mass and
sped up metamorphosis. However, Lajmanovich et al. (2015) assessed a Bti formulation
and found genotoxic effects and intestinal inflammation. Intestinal degradation is
typically observed in infected insect larvae and caused by an alkaline gut pH and
proteolytic activity that breaks down the protoxin into its active form (Carroll et al. 1997;
Sansinenea 2012). Once in the active form, the toxin causes insect mortality through
perforation of epithelia cells in the gut lining. Most vertebrate stomachs are highly acidic
and the protoxins are degraded. However, larval amphibians have a foregut, the
manicotto, that functions at a mean alkaline pH of 7.8 in larvae of some anurans (e.g.,
Bufo, Lithobates, and Xenopus species; Griffiths 1961). Additionally, Griffiths (1961)
found that the manicotto tissue exhibits significant proteolytic activity. The combination
of an alkaline gut pH and proteolytic cleavage in the manicotti of larval amphibians may
result in conversion of the protoxin into an active toxin that causes irritation or epithelial
perforation. Manicotto secretions halt just prior to amphibian metamorphosis and are
replaced by gastric glands (Griffith 1961). Other studies that assessed the effects of Bti
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formulations on adult amphibians (reviewed in Boisvert and Boisvert 2000) did not find
any toxic effects. In light of sublethal effects observed in larval amphibians following
exposure to Bti formulations, future studies may consider addressing these effects as
potential mechanisms for toxicity in tadpoles.
The Monterey B.t. formulation used in this study contains 98.35% B.t. kurstaki
solids, spores, and active toxins, and 1.65% inert ingredients. While the inert ingredients
represent a small percentage of the total formulation, high doses of the biopesticide could
significantly increase the level of inert ingredients in solution. Furthermore, Bti
formulations and protoxin (Cry proteins produced by the bacteria) toxicity studies have
found that aquatic vertebrates receive exposure to formulations via ingestion and
respiration (i.e., through gills). In both routes, spores or inert ingredients can accumulate
rapidly in tissues, thereby drastically increasing internal concentrations relative to the
surrounding solution (Snarski 1990; Benville and Korn 1977). The rapid accumulation of
substances in gills could interfere with respiration and cause mortality. Several Bti
formulations have caused mortality in fish. In these cases, mortality was caused by
oxygen depletion or degradation of water quality from inert ingredients (Snarski 1990;
Fortin et al. 1986). The interuption of normal gill respiration is a potential mechanism for
dose-dependent toxicity for tadpoles. Furthermore, Lajmanovich et al. (2015) found dosedependent toxicity of the Bti formulation Introban (not sold in the U.S.) on
premetamorphic tadpoles. While the causative agent of toxicity is unclear, Introban
caused intestinal damage, oxidative stress, and genotoxicity at sublethal concentrations.
As discussed in Grisolia et al. (2009), these effects seen in zebrafish may be caused by
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the cytolytic mechanism that B. thuringiensis has on gut membrane epithelia, which leads
to a cascade of other effects including genotoxicity.

Biopesticides and amphibians
Studies of potential Bt biopesticide toxicity to amphibians are scarce but needed
as amphibians in water bodies near biopesticide application sites have a high probability
of exposure. Vertebrate aquatic toxicity studies for Btk formulations have been conducted
on freshwater lotic fish, which have a different physiological relationship with the
environment and utilize different types of water bodies than pond-dwelling amphibians
(i.e., lentic). This habitat difference has implications for variation in turnover rates of
biopesticide formulations among different aquatic habitats. Additionally, studies have
found that some amphibian larvae, including L. sphenocephalus, can be more sensitive to
environmental contaminants than fish (Bridges et al. 2002). The LC50 of Btk (bacteria
only) for trout is 1.5 x 107 cfu (colony-forming units) / ml (U.S. EPA 1998). This
concentration was determined using only Btk bacteria and is not comparable to the LC50
of the Monterey B.t. formulation used in this study. However, our results suggest that this
product does not impact survival of L. sphenocephaus embryos or larvae if encountered
in environmentally-relevant doses.
The specific formulation that makes up Monterey B.t. includes the Bacillus
thuringiensis subspecies kurstaki (strain SA-12) and inert ingredients chosen by the
manufacturer. Other Bt commercial biopesticide formulations utilize a variety of Bt
subspecies (i.e., israelensis, tenebrionis) depending on the target pest, different strains of
Bt subspecies (i.e., Bt kurstaki SA-12, Bt kurstaki HD-1), and various combinations of
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inert ingredients. All of these formulation components may affect amphibian
susceptibility differently. Although the inert components are proprietary for Monterey
B.t., biopesticides must contain federally-approved food-safe ingredients. The additives
often used are included to improve efficacy of the formulation with adhesion enhancers
(that allow formulations to adhere to plant surfaces), pH buffers (Bt functions more
efficiently at specific pH), or protective UV radiation screens (sunlight inactivates the
endotoxins), among other functions (Brar et al. 2006). However, even federally-approved
food safe ingredients may harmful to other organisms. For example, alkyl phenols are
used as protective UV radiation screens in some formulations of Bt biopesticides (Brar et
al. 2006). These compounds are made through the alkylation of phenols and are known
xenoestrogens to vertebrates (Ying et al. 2002). This is just one example of many
potential “food safe” inert ingredients that could affect larval amphibians.
Toxicity thresholds for Bt commercial formulations are species and life-stage
dependent (Junges et al. 2017), as they are in chemical pesticides (Harris et al. 2000;
Greulich and Pflugmacher 2003; Mann et al. 2009). Early amphibian life stages, such as
embryos and larvae, are fully immersed in water bodies where biopesticides are applied
or may accumulate following rains. These life stages are also undergoing developmental
changes that are inherently more sensitive to poor water quality, endocrine disruption, or
direct toxicity that can cause mortality or latent effects in life. The lack of mortality
observed in our experiment at low ecologically-relevant concentrations is promising for
the safety of biopesticides. However, sublethal and latent effects still need to be assessed.
In the chemical insecticide carbaryl, acute exposures that did not cause mortality at early
developmental stages still resulted in alterations of mRNA expression in the brain of
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metamorphosed adult Lithobates clamitans (Boone et al. 2013), which may affect fitness
of the animal. Furthermore, Lajmanovich et al. (2015) found intestinal damage occurred
in tadpoles at sublethal concentrations of one Bti formulation.
Different biopesticides are widely used for control of specific insect groups and it
is likely amphibians are exposed to multiple Bt strains and Bt biopesticide formulations.
Combinations of chemical pesticides can have compounding negative effects on
amphibian populations (Relyea 2009), so it is plausible that combinations of biopesticides
may have a similar effect. Grisolia et al. (2009) found that some endotoxins used in Bt
formulations caused genotoxicity in zebrafish, with combinations leading to different
levels of toxicity. Although the results from the present study suggest that Monterey B.t.
does not cause mortality at environmentally relevant doses, compounding effects of
multiple formulations need to be considered.
Combinations of chemical pesticides have synergistic, negative effects on other
pond trophic levels as well (i.e., zooplankton; Relyea 2009). This can indirectly impact
amphibian health through trophic cascades. For instance, one chemical insecticide caused
significant mortality in the common zooplankton species, Daphnia pulex, which led to a
phytoplankton bloom and subsequent reduced survival of amphibian larvae in those
communities (Bendis & Relyea 2016). Among biopesticide ingredients, Bti bacteria has
known negative effects on zooplankton survival at levels applied in the field for mosquito
control (Olmo 2016). Indirect trophic effects of formulations should be assessed and
surveys are needed of community composition in wetlands adjacent to Bt-sprayed fields.
In addition to direct effects on physiology and survival, inert ingredients may act
similarly to fertilizer runoff in wetlands, adding heavy nutrient content to water bodies
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that can lead to negative effects on trophic levels as well (Baker et al. 2016; Rowland et
al. 2016). While these potential indirect effects are not addressed in this study, we present
them as considerations when surveying the safety of a biopesticide product for amphibian
populations.
Finally, the bacterial component in biopesticides may alter the microbial
reservoir in the environment (Duguma et al. 2015). Organisms rely on microbial
reservoirs for a number of functions. The microbial species composition living on and
within organisms plays a large role in overall health and disease resistance, one that is
still not fully understood (Walke & Belden 2016; Ganz et al. 2017). For example,
microbes residing on the skin of some amphibians produce anti-fungal agents that prevent
infection by the fungal skin disease chytridiomycosis (Lam et al. 2010; Holden et al.
2015). If additional research continues to find that Btk-based biopesticides are not
harmful to non-target organisms in environmentally relevant concentrations, and
biopesticide bacteria contributes to a healthy microbiome that infers disease-resistance,
biopesticides may be an additional tool used to combat vertebrate wildlife diseases. They
would also be a safer alternative to chemical pesticides that bioaccumulate and have
known negative effects on many non-target organisms (Sansinenea 2012). This study fills
a gap in the data concerning the safety of biopesticides to larval amphibians. With the
finding that Monterey B.t. does not cause mortality in larval L. sphenocephalus in
expected environmental concentrations, future research should focus on other ways these
biopesticides interact with amphibian populations.
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CHAPTER 4: BACILLUS THURINGIENSIS SUBSP. KURSTAKI EXPOSURE
MAY REDUCE BATRACHOCHYTRIUM DENDROBATITIS INFECTION LOADS
IN LITHOBATES SPHENOCEPHALUS

INTRODUCTION
Microbial reservoirs in the environment play an important role in many facets of an
ecosystem, from regulating abiotic conditions (Davison 1988) to promoting health in a
wide diversity of organisms (Ryu et al. 2004; Ganz et al. 2017; Hoffman 2017). Human
impacts on microbial communities are increasing (Chang et al. 2016; Muturi et al. 2017;
McCoy & Peralta 2018) just as researchers begin to understand the critical role microbes
have in conservation (McKenzie et al. 2018). For instance, plants and animals form
symbiotic relationships with environmental microbes that prevent and mitigate disease
(Ganz et al. 2017; Hoffman 2017). However, the diversity and community dynamics of
microbes are being altered by pollutants (Sobolev & Begonia 2008), habitat degradation
(Rantalainen 2004), and climate change (Evans & Wallenstein 2014). When habitats
experience a loss of beneficial bacterial taxa or a shift in community dynamics (e.g.,
production of metabolites), this has broad implications for organisms, such as
amphibians, that rely on those communities.
Amphibians form symbiotic relationships with microbes obtained from environmental
reservoirs. Microorganisms that reside on amphibian skin are present because they
receive some benefit from that environment (e.g., nutrients, habitat; Hoffman 2017).
Some of these cutaneous bacteria exhibit disease-resistant properties that benefit the
amphibian through the production of secondary metabolites (Woodhams et al. 2015).
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Secondary metabolites are not needed for bacterial survival or reproduction, but are
communicatory molecules that facilitate competitive interactions and biofilm production
(Karlovsy 2008). Biofilms, a group of joined microorganisms, are formed by bacteria
when the number of individuals reaches a minimum density. These biofilms allow a
bacterial community to act as a unit, exhibiting stronger impacts on competitors for space
and nutrients. These metabolites play an important role in community dynamics of
microorganisms across surfaces, including the tissues of plants and animals where they
form symbiotic relationships.
Antifungal secondary metabolites produced by some cutaneous bacteria are effective
against a pathogenic fungal disease of amphibians, Batrachochytrium dendrobatidis (Bd)
(Harris et al. 2009; Woodhams et al. 2015). Bd causes disease (i.e., chytridiomycosis) in
susceptible amphibians by infecting keratinized skin and disrupting a number of
physiological processes, including electrolyte transport, immune function, and epidermal
cell association that leads to cell death (Fites et al. 2013, 2014; Brutyn et al. 2012;
Campbell et al. 2012). The first line of defense against this skin-associated infection are
the bacteria living on the surface of the skin. As these bacteria compete for space and
nutrients against conspecifics and invaders, the production of secondary metabolites may
prevent colonization or inhibit growth of Bd. However, not all bacteria can successfully
prevent Bd infection, and bacterial-mediated immunity differs both interspecifically and
intraspecifically among amphibians. Field and laboratory studies provide evidence that
amphibians obtain microbes from environmental reservoirs (Muletz et al. 2012;
Kueneman et al. 2013; Jiménez & Sommer 2017). However, amphibian species is a
highly significant predictor of the taxa present in the microbiome, suggesting a selective
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process is occurring between the amphibian and the bacteria that determine the core host
microbiome (Kueneman et al. 2013; Hughey et al. 2017; Loudon et al. 2016).
Fortunately, some anti-Bd bacteria are culturable from amphibians in a laboratory setting
and can infer disease resistance when added to the microbiome of an individual that
lacked the microbe (Harris et al. 2009). These findings suggest anti-Bd bacteria can be
used as probiotics to provide amphibian populations with a better bacterial immunity to
prevent Bd infections (Bletz et al. 2013). Research for successful amphibian probiotics
has made significant progress toward elucidating the multifaceted relationship
amphibians and microbes have in a disease context. However, very few studies have
assessed how anthropogenic factors impact the native microbiome.
While it is known that some agricultural products alter microbial communities in
water and soil (Muturi et al. 2017), little is known about how these products impact
symbiotic microbes on amphibian skin. Agricultural products that disrupt microbial
communities may negatively impact amphibian health, including disease resistance
(McCoy & Peralta 2018). In the case of chemical pesticides, microbial communities
living in the environment and on amphibian skin may shift to a dysbiotic (unstable) state
following contaminant exposure (Zaneveld et al. 2017). The effects of microbial
pesticides are far less understood, but these may impact the native community and
disease susceptibility.
Microbial pesticides, or biocides, include a live microbe that provides insecticidal
properties when applied. The microbial species that is most often utilized in biocides is
Bacillus thuringiensis (Sansinenea 2012). This species produces a crystal protein, Cry
toxin, that can have insecticidal action on specific insect groups when ingested. The Cry
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toxins must encounter specific conditions to become toxic, including an alkaline gut pH
found in the gut of an insect, and specific receptors on the gut epithelia. Through this
multistep process, the Cry toxin causes gut membrane perforation and septicemia in the
insect (Hofte and Whiteley 1989). Furthermore, subspecies of B. thuringiensis exhibit
specific toxicity to some insect groups and not others. For instance, B. thuringiensis
subsp. israelensis is commonly used for control of mosquito larvae as it creates toxins
effective against dipterans (Sanchis & Bourguet 2008). B. thuringiensis subsp. kurstaki is
toxic for lepidopteran pests and is utilized in controlling caterpillars that feed on crops.
This specific toxicity of subspecies means that non-target insects are not collateral
damage when biocides are applied for pest management. Additionally, inert ingredients
used in these formulations are required to be food-safe ingredients (USDA 2004) and are
therefore not expected to exhibit negative effects on other non-target organisms. The inert
ingredients serve many functions such as: providing a nutrient source for B. thuringiensis,
facilitating adhesion of the product to plant surfaces, and protecting the Cry toxin from
UV rays that cause degradation (Brar et al. 2006). While these ingredients are
proprietary, they are regarded as safe and utilized most frequently in organic agriculture
and gardening (Sansinenea 2012). In addition to these characteristics of B. thuringiensis
biocides, once applied, it is known that the microbe itself can persist for at least 13 years
in the soil (Hendriksen & Carstensen 2013). Moreover, like other environmental bacteria,
B. thuringiensis produces secondary metabolites that have anti-microbial and anti-fungal
properties (Sansinenea & Ortiz 2011). Thus, these biocides are playing an active role in
the environmental reservoir, one that has seldom been studied. B. thuringiensis is already
considered ubiquitous and previously found in soil samples for 30 countries (Martin &
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Travers 1989), so it is unlikely that these biocides introduce a new bacterial species into
naïve environments. However, application may increase the abundance of this species
and change the dynamics of the community.
Despite its well-established antifungal properties, B. thuringiensis has not been
investigated as a probiotic for preventing chytridiomycosis. Amphibians persist in
environments that are readily sprayed with biocides and may be exposed to B.
thuringiensis after biocide application. Moreover, in a previous study, secondary
metabolites produced by biocide-derived B. thuringiensis subsp. kurstaki significantly
inhibited growth of Bd in vitro (Weeks; unpublished). In this study, I evaluated the
potential for B. thuringiensis subsp. kurstaki (hereafter Btk) exposure to prevent or
mitigate Bd infection in adult Lithobates sphenocephalus (Southern Leopard Frogs). L.
sphenocephalus is an ideal model organism because it is susceptible to Bd infection and
Bacillus spp. have been found living in the skin microbiome (Holden et al. 2015). Based
on the anti-Bd activity exhibited by Btk and the potential for Btk biocide application in
habitats used by amphibians, I hypothesized that exposure to Btk prior to Bd would
prevent Bd infection or reduce Bd infection load in adult L. sphenocephalus.

MATERIALS AND METHODS
Animal Collection & Husbandry

I collected partial egg masses (n=7) of L. sphenocephalus from 3 ponds (n~500 eggs) at
the University of Memphis Edward J. Meeman Biological Field Station (MBFS) in
Shelby County, Tennessee (35°23’22.66”N 90°02’15.75”W) following breeding events
in March 2016. Upon reaching free-swimming stage (Gosner 25; Gosner 1960),
individuals were fed a 3:1 mixture of crushed Kaytee rabbit chow and Tetramin® tropical
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flakes (Tetra® USA) ad libitum with a 14:10-h light:dark cycle. After 2 weeks,
individuals were transferred to previously prepared outdoor mesocosms until the onset of
metamorphosis (Gosner 42). Mesocosms were constructed in polyethylene tanks at the
University of MBFS. Tanks were filled to a depth of 30.5 cm (~613L) and 300g of dried
leaf litter (primarily Quercus species) was added. The tanks were dosed with 100-ml of
concentrated zooplankton suspension collected from a local pond (Hanlon et al. 2015).
Algal and zooplankton communities were allowed to develop for two full weeks before
the addition of tadpoles.
Upon reaching Gosner 42 (evidenced by the emergence of front legs), individuals
were removed from mesocosms and housed individually in the lab with autoclaved
sphagnum moss to help maintain any environmentally-obtained microbes from their
mesocosm habitat. Containers were cleaned and frogs fed calcium-dusted crickets twice
per week. Soiled water from moss was squeezed out and replaced into the same container
same hat corresponded to that individual. Nitrile gloves were worn when handling frogs
and their enclosures. Because individuals previously shared habitat and presumably
shared a similar diversity of environmental bacteria, separate gloves were not used for
each individual until the start of the experimental exposures.

Btk culture preparation

B. thuringiensis subsp. kurstaki was cultured from Monterey B.t. liquid biocide (Lawn
and Garden Products, Fresno, CA) with a 10 µl inoculating loop and streaked onto 1%
tryptone agar plates. Plates were incubated at ambient temperature for 48 hours. Upon
growth of visible colonies, a 10 µl inoculating loop was used to transfer a single colony
to 5 ml tubes of 1% tryptone broth media. Tubes were incubated for 28-hrs at 30 °C with
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constant rotation to reach exponential growth as determined from optical density (OD)
readings in preliminary research (OD600nm = 0.84 ± 0.01). I divided the cultures into 1ml
aliquots in microcentrifuge tubes and centrifuged at 4500 × g for 10 minutes to pellet the
cells. The supernatant was discarded and the cells resuspended in sterile water. This was
repeated until cells were resuspended 3 times to isolate the bacterial cells.
The colony forming units (CFU) used during the Btk exposures were quantified
by placing a 0.1 ml aliquot of 10-8 diluted stock culture onto 1% tryptone agar with a nonnutrient agar overlay. Following an incubation period of 48 hours at 30 °C, colonies were
counted on three plates and averaged. To find the CFU/ml applied during the exposures,
the average colony count (340 colonies x 10-8) was divided by the volume applied to the
agar (0.1 ml). The total bacterial count used in the stock solution was 3.4 x 1011 CFU/ml.

Bd culture preparation

The Bd strain used in this study (FMB 003) was cultured in 2010 from a local, infected L.
sphenocephalus from Meeman-Shelby State Park, Shelby County, Tennessee, and
maintained in the lab in 1% tryptone broth at 4 °C (Longcore et al. 1999). This strain has
resulted in previous infection of lab animals (Hanlon et al. 2012). Plates were prepared
with 1% tryptone agar plates and inoculated with 2 ml of homogenized Bd stock culture,
sealed with parafilm, and incubated at room temperature for 10 days. Each plate was
flooded with 3 ml of aged tap water for 45 minutes to harvest zoospores. The harvested
culture suspension was pooled and the zoospores counted on a hemocytometer (2 x 106
zoospores/ml).

56

Bacterial and Bd exposures

Individual Lithobates spenochephalus adults were housed in 1.5 L plastic containers at
University of Memphis for ~33 weeks following metamorphosis from mesocosm
environments. Frogs were maintained on a 12:12 light:dark photoperiod at 19 ºC. Upon
initiation of this experiment, I randomly assigned individuals into four treatment groups:
N (negative control), Btk (B. thuringiensis kurstaki exposure), Bd (B. dendrobatidis
exposure), BB (Btk + Bd).
Frogs were rinsed with autoclaved aged tap water (30 ml) to remove any resident
bacteria and placed into new bleach-sterilized 1.5 L plastic containers with autoclaved
sphagnum moss and 20 ml of autoclaved aged tap water. The moss was utilized as a
surface for any resident microbes to persist in the microhabitat of the container. During
the exposures, individuals were removed for weekly cage cleanings with a pre-labeled
ziplock bag turned inside out. Crickets were added to the container after being cleaned
and the frog was placed back into its container.
Individuals in treatment groups Btk and BB were exposed to B. thuringiensis
kurstaki on Day 0 for 24 hours and again on Day 7 for 24 hours (see Fig 1). The first dose
was diluted from the stock solution (3.4 x 1011 CFU/ml) to 1.7 x 1011 CFU/ml by adding
5ml of stock solution and 5 ml of sterile water to sterile 120 ml sample cups with air
holes in the lid. The second dose was diluted from the same stock solution, but 4 ml of
Btk stock was combined with 11 ml of sterile water for a final exposure concentration of
9.1 x 1010 CFU/ml. Individuals in the Bd and N groups were exposed to 10 ml of sterile
water during this time. After each 24-hr bath, individuals were placed back into their
containers. Some studies have used an antibiotic rinse prior to exposure to new bacteria
to inhibit potential bacterial competitors (Harris et al. 2009; Holden et al. 2015). I chose
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not to use this protocol because I was interested in the potential for Btk to establish on the
skin in the presence of other native host bacteria.
After allowing one week for bacterial communities to establish residency on the
skin, individuals in the Bd and BB groups were exposed to 6 x 105 zoospores/ml of Bd in
30 ml for 24 hours (Day 14; Fig 1). Frogs in the N and Btk group were exposed to water
collected and diluted from blank 1% tryptone agar plates. Mass was measured while
individuals were inside of a Ziploc plastic bag with a Pesola Spring scale (20g ± 0.2) and
SVL was measured with SPI Dial Calipers (± 0.1mm).

Weigh,
Btk or
sterile
H2O

Second Btk
exposure

Bd
exposure
or blank
plate
rinse

Swab,
Weigh

Swab,
Weigh

29
7
Day 0
14
23
:
Figure 1. Timeline for bacteria (Btk) exposures and Bd exposures. Individuals were swabbed
for Bd status and load at 1 and 2 weeks post exposures.

Bd quantification & statistical analysis

To assess Bd infection status and intensity, swabs were taken from all frogs on Day 23 (1
week post Bd exposure) and Day 29 (2 weeks post Bd exposure). During swab collection
(see Fig. 1), each frog was handled with a fresh glove and swabbed 5 times each on the
ventral posterior patch, dorsal surface, and ventral side of both hind legs with a sterile
cotton swab. Swabs were then stored at -20 °C in 1.5 ml sterile microcentrifuge tubes
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until DNA extractions and qPCR were completed. A DNeasy Blood and Tissue DNA
Extraction Kit (Qiagen, Valencia, CA USA, animal tissue protocol) was used to extract
DNA from swabs of individuals. Real time quantitative PCR was used to quantify
extracted Bd DNA from each sample (following Boyle et al. 2004). During qPCR, a
positive control was provided with extracted Bd DNA from a Bd culture swab and sterile
water was used as the negative control. On each plate, I included a plasmid standard
dilution series (Pisces Molecular, Boulder, CO, USA) to quantify zoospore genomic
equivalents. All controls, standards, and samples were run in duplicate. Wells that tested
positive for Bd DNA were averaged to determine the final value for that sampled
individual. I calculated zoospore genomic equivalents for each swab by multiplying
qPCR values by 400 to account for the total dilution during DNA extraction and qPCR.
Using a mixed linear model in SAS, I assessed the effect of treatment (fixed
effect) and time (random effect) on Bd genomic equivalents in infected individuals. Mass
change from the beginning to end of the experiment was also assessed using a general
linear model in SAS. The potential difference in Bd prevalence, the proportion of infected
individuals, between BB and Bd treatments was evaluated using a Barnard’s Test (twotailed).

RESULTS
Swabs taken one week after Bd exposures revealed that the group exposed to Btk bacteria
prior to Bd (BB) exhibited a 60% infection prevalence, whereas the group only exposed
to Bd experienced 100% infection prevalence. However, a Barnard’s Test indicated that
there was no significant difference in infection prevalence among the BB and Bd groups
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(p = 0.069). The negative control (N) and bacteria-only (Btk) groups tested negative for
Bd infection, as expected.
Swabs analyzed from two weeks after Bd exposure indicated individuals in both the
Bd and BB treatment groups experienced increases in Bd genomic equivalents (Fig. 2),
but infection prevalence remained the same (BB = 60%; Bd = 100%). A mixed linear
model indicated that treatment did not have a significant impact on Bd genomic
equivalents but time was a significant variable (Table 1). The interaction of treatment and
time was not significant. A test of effect slices in SAS was performed for treatment which
indicated that the significant effect of time in the overall model was within the Bd group
between the two time points (F1,22 = 7.18; p = 0.01). There was no significant change
between the time points for the BB group (F1,22 = 0.83; p = 0.37). Mass change over the
duration of the experiment did not differ among groups (F3,27 = 1.98; p = 0.14).

Genomic Equivalents

9000
8000
7000
6000
5000

N
Btk
BB
Bd

4000
3000
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1000
0
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Week 1

Figure 2. Zoospore genomic equivalents of B. dendrobatidis at week 1 and week 2
post Bd exposure (least squared means ± SEM). Treatment groups are (N) negative
control, (Btk) bacteria exposure, (BB) bacteria + Bd exposure, (Bd) Bd exposure.
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Table 1. Mixed linear model to assess the effects of treatment and time on Bd
genomic equivalents among infected individuals.
F
P
Treatment (df=1,22)
Time (df=1,22)
Treatment*Time (df=1,22)

3.07
6.18
1.33

0.09
0.02
0.26

DISCUSSION
Amphibians are exposed to a wide range of perturbations from human activity. For
pesticides, both chemical and microbial, exposure can occur via direct overspray or
runoff into wetlands utilized by amphibians. Biocides may alter the microbial landscape
in the environment and those associated with plants and animals, either by the addition of
biocide bacteria or through other abiotic effects on the native microbiome (Menon & de
Mestral 1985; Zhang et al. 2008). Evidence confirms the importance of the microbiome
in animal health (Hoyt et al. 2015; Ganz et al. 2017; Zanevel et al. 2017). For instance,
chemical pesticides may alter the amphibian skin microbiome and, subsequently,
susceptibility to pathogens such as Batrachochytrium dendrobatidis (Krynak et al. 2017;
McCoy & Peralta 2018). However, nothing is known about the impacts microbial
pesticides may have on the amphibian microbiome. In this study, I considered an
anthropogenic influence that has the potential to be beneficial to non-target organisms.
Bacillus thuringiensis biocides are applied to organic crops, consumer gardens,
forests, and directly to wetlands in urban and rural environments for insect pest control.
Amphibians utilize water sources within or near these application sites, and the bacteria
from these biocides can persist in the environment for over a decade after application
(Hendriksen & Carstensen 2013). Furthermore, Bacillus spp. has known antifungal
properties that are effective against fungal plant pathogens (Mackie & Wheatley 1999;
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Chaurasia et al. 2005; Zheng et al. 2013; Chaves-López et al. 2015). In the large volume
Bt biocides are already being applied, it would be beneficial to know if Bt can colonize
amphibian skin and prevent Bd infection. If biocides can successfully contribute to
reduced infection loads, they would be an important tool in the search for probiotics.
In this study, I did not find that prior exposure to B. thuringiensis subsp. kurstaki
(Btk) resulted in a significant reduction in Bd prevalence or infection loads. However,
those exposed to Btk exhibited a trend toward lower infection prevalence and lower Bd
infection loads (Fig. 2). The significant differences between week 1 and week 2 seen
within the Bd group indicate that these frogs had a steep increase in Bd loads in one
week. Whereas the group exposed to Btk before Bd did not experience and overall change
between week 1 and week 2. This suggests there may be some effect of Bd mitigation
occurring after exposure to Btk, which a larger sample size of individuals may have
unveiled. In a previous study, Btk was able to prevent Bd growth via volatile organic
compounds (VOCs) in vitro (Weeks; unpublished).
The mechanisms by which bacteria colonize a host and inhibit the growth of other
pathogenic organisms are complex. In an in vitro study (Weeks; unpublished), a
challenge was performed between only Btk and Bd. This was an oversimplified
environment to evaluate the antifungal properties of Btk. Thus, Btk was allowed to grow
without competitive interaction from other microorganisms. When on the skin of an
amphibian, the competitive, and often inhibitory, interactions occurring with other
microorganisms may inhibit growth rates of Btk and ability to colonize successfully
(Parfrey et al. 2018). Furthermore, amphibians produce antimicrobial peptides (AMPs)
known to prevent colonization of certain microbial species, including Bd in some cases
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(reviewed by Rollins-Smith et al. 2011). The AMPs produced are species-specific and
likely play a role in which bacteria become associated with a particular amphibian
species. AMPs are excreted onto the surface of the skin when an amphibian experiences
an acute stressor that causes norepinephrine to contract the muscles surrounding the
AMP-containing granular glands (Rollins and Conlon 2005). The lab environment,
handling of the individuals, or exposure to the Btk bacterial bath could initiate release of
these AMPs onto the skin surface and provide an additional challenge for Btk
colonization.
If Btk successfully colonized the skin, both abiotic and biotic factors could affect the
physiology of the bacteria and, subsequently, the production of metabolites. The range of
optimal temperatures for Bd growth (17-25 °C; Piotrowski et al. 2004) is lower than Btk
(30 °C; Ignatenko et al. 1983). This experiment was carried out at 19 °C to promote
optimal Bd disease conditions in which to test this bacteria as a potential anti-Bd microbe.
Although 21 °C was effective for the in vitro study (Weeks, unpublished), more favorable
abiotic conditions for Bd (cooler temperatures) may have negatively impacted growth of
Btk in these trials. Muletz-Wolz et al. (2017) found that a difference of 6 °C (12 or 18 °C)
significantly affected the inhibitory activity of some bacterial species against different
strains of Bd. If growth of Btk was inhibited, bacterial abundance may have never reached
high enough densities to produce antifungal metabolites. In future trials, the experimental
protocol should be adjusted to allow more time for Btk colonization to occur prior to Bd
exposures. The non-significant trend toward reduced infection prevalence and infection
loads in the BB groups should be further explored with the considerations outlined above.
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Of course, it is also possible that Btk does not function as a Bd-inhibiting microbe within
the cutaneous microbiome.
In addition to direct anti-Bd effects Btk may have in the microbiome, it is valuable to
elucidate the effects it may have on other amphibian microbes. There are multiple ways
in which a bacterial species might impact the microbiome and disease susceptibility of a
host. The selectivity between host and bacteria in the development of a symbiotic
relationship results in a diverse assemblage of microorganisms. Some of these are
consistently present (core), some vary temporally with the ecology of the organism (i.e.,
diet, season), and some are transient (Parfrey et al. 2018). Yet, even as a temporally
present or transient microbe, Btk may temporarily compete for nutrients and space. In this
context, it may facilitate or inhibit core taxa that amphibians rely on for disease
resistance. Furthermore, it could directly compete with a pathogen, such as Bd, for space
and nutrients.
The indirect effects of biocides to non-target organisms should also be considered.
Studies evaluating the effects of B. thuringiensis biocides on the environmental reservoir
have yielded different results. Some suggest that B. thuringiensis alter the soil microbial
community while others have not found this outcome (reviewed in Addison 1993).
However, Zhang et al. (2008) found that the microbial community structure of the
phyllosphere, above-ground plant surface, was significantly changed by B. thuringiensis.
Given the dynamic nature of soil microbial communities and contradictory information
concerning the role Bt plays in them, more studies are needed to understand the
ecological effects of Bt microbial biocides in the environment, including any cascades
among trophic levels.
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Microbes in the cutaneous amphibian microbiome can exhibit mutualistic,
commensal, or pathogenic effects on the host. Neutral relationships are often maintained
by the community interactions among microorganisms that limit the overgrowth of
opportunistic pathogens (Parfrey et al. 2018). Negative effects manifest when the
interactions that maintain a stable community are interrupted and microorganisms
become pathogenic. Disruption of this stability can result from stress, direct exposure to
anthropogenic disturbances, or imbalances in other facets of host ecology (i.e. disrupted
environmental reservoir) (Jiménez & Sommer 2016). Disturbance of the host microbiome
can have effects resulting in a dysbiotic state (Jiménez & Sommer 2016; Zaneveld et al.
2018). A dysbiotic state may allow competitive release of bacteria that act as
opportunistic pathogens. For instance, the deadly red-leg Syndrome, is an acute bacterial
infection that can be caused by a wide spectrum of common amphibian-associated
bacteria (Densmore & Green 2007). Bacillus cereus is found in the whole-animal
microbiome of healthy amphibians (Culp et al. 2007; Lauer et al. 2008). However, upon
disturbance or stress, this bacterial species is associated with Red-Leg Syndrome (Parto
et al. 2014). Hajishengallis et al. (2012) described a keystone-pathogen hypothesis that
underscores the potential of a microbial pathogen to dictate disease states even in low
abundance. Disturbances to the microbiome can be minor, allowing a microbial pathogen
to proliferate during dysbiosis. Antwis et al. (2014) found that tagging Agalychnis
moreletti (Morelet’s tree frogs) with a minimally invasive transponder caused enough
disruption of the cutaneous microbiome to allow proliferation of resident fungi. Bt
biocides introduce a unique scenario for amphibian conservation. When applied for pest
control, amphibians are exposed directly (i.e., sprayover) and indirectly (i.e.,
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environmental reservoir) to bacteria with the potential to colonize the skin microbiome,
interact or disrupt core host microbes, and alter disease susceptibility. It is crucial that
probiotic studies consider the potential benefits and the possible downsides of microbial
biocides in the context of amphibian disease ecology.
This study did not find significant effects of Btk on the prevention or mitigation of Bd
infection. However, the trend toward reduced prevalence and disease load should be
further explored. If Btk exposure were to cause dysbiosis, I may have expected infection
loads to more similarly match the loads seen in individuals only exposed to Bd. However,
this was not observed. These data also suggest that the microbiome and environmental
reservoir for wild populations adjacent to Bt sprayed fields should be surveyed. If
populations adjacent to Bt sprayed fields experience less dysbiosis than those exposed to
chemical pesticides, this would be support the replacement of harmful chemicals (Köhler
and Triebskorn 2013) with microbial pesticides. This study adds to our understanding of
the role anti-fungal bacteria play in the amphibian disease, chytridiomycosis. However, it
is the first study to assess the anti-Bd potential of bacteria derived from microbial
biocides within an amphibian host. The trends observed in this study warrant further
investigation of biocide-derived bacteria against Bd and other wildlife pathogens.
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CHAPTER 5: IMPACT OF A BACILLUS THURINGIENSIS BIOPESTICIDE ON
LARVAL LITHOBATES SPHENOCEPHALUS IN MESOCOSMS FOLLOWING
EXPOSURE TO BATRACHOCHYTRIUM DENDROBATIDIS

INTRODUCTION
Global amphibian declines have been at the forefront of wildlife conservation for
decades (Blaustein et al. 1994; Alford & Richards 1999). While the reasons for the
declines are numerous, disease is a top contender (Wake and Vredenburg 2008).
Additionally, the unique life history of amphibians contributes to the persistence and
impact of disease on populations. Many larval amphibians are confined, as aquatic larvae,
in a pond or lake environment. Unlike adults, with the ability to disperse to different
habitats, these larval amphibians are limited to their immediate aquatic environment, and
exposed to associated water-transmitted diseases. Additionally, individuals across life
stages that carry sublethal infections can maintain a pathogen in a pond where it may
have otherwise been eradicated after killing more susceptible individuals. For instance,
larval and metamorphic Ambystoma tigrinum maintain sublethal infections of the highly
virulent Ambystoma tigrinum virus and reintroduce the virus to uninfected larval
populations each breeding season (Brunner et al. 2004). Larval anurans, or tadpoles, can
act as disease reservoirs as well. For instance, the fungal disease caused by
Batrachochytrium dendrobatidis (Bd) only infects the mouthparts of tadpoles and
typically does not cause mortality (Rachowicz and Vredenburg 2004). This can maintain
the pathogen and continually re-infect conspecifics.

73

Bd is a globally distributed pathogen that can cause the disease chytridiomycosis
across taxonomic orders of amphibians (Fisher et al. 2009). Bd zoospores are aquatic and
exhibit chemotaxis toward the keratinized skin of amphibians (Moss et al. 2008). In
adults, it roots into the epidermal layers of the skin where it reproduces (Berger et al.
2005), releases toxins that inhibit the amphibian immune system (McMahon et al.
2013a), disrupts the cutaneous microbiome (Jani and Briggs 2018), and degrades
intercellular junctions in the skin, leading to cell death (Brutyn et al. 2012). Susceptibility
varies among species and populations (Blaustein et al. 2004; Kueneman et al. 2013).
Factors that affect susceptibility include host genetics (Savage & Zamudio 2011; Ellison
et al. 2014), Bd strain virulence (Piovia-Scott et al. 2015), and antifungal bacteria in the
cutaneous microbiome (Kueneman et al. 2013). However, larval anurans only become
infected in their keratinized mouthparts (Rachowicz and Vredenburg 2004), which may
not directly cause mortality, but can impact the individual in other ways. For instance,
Bd-infected tadpoles experience destruction of mouthparts used for scraping algae from
surfaces and altered feeding kinematics resulted in smaller tadpoles (Venesky et al.
2010). Size at metamorphosis can have long term consequences on survival and
reproduction of the adult life stage (Semlitsch et al. 1988; Sinsch and Schäfer 2016).
Disease is not the only factor contributing to amphibian population declines.
Anthropogenic disturbances, such as pesticides, can directly affect life history traits or
alter susceptibility to diseases and parasites. For instance, Budischak et al. (2008) found
that Rana palustris embryos exposed to the pesticide malathion experienced latent
increases in susceptibility to the parasitic trematode Echinostoma trivolvis. Other studies
have found that pesticides cause immunosuppression in amphibians (Gilbertson et al.
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2003; Christin et al. 2004), suggesting that lowered defenses may impact susceptibility to
some pathogens, such as Bd. Yet, studies that have investigated this pesticide-Bd
interaction have found evidence to support and refute the hypothesis that prior pesticide
exposure increases Bd-induced mortality or infection intensity (Buck et al. 2015; Jones et
al. 2016; Rohr et al. 2017). Some antifungal pesticides were found to mitigate the impact
of fungal Bd infection in tadpoles (Hanlon and Parris 2012, McMahon et al. 2013b).
Fungicides that mitigate Bd infection, like itraconazole, have clear implications for
amphibian conservation and some are currently used in captive collections for Bd disease
outbreaks (Garner et al. 2009). Similarly, the antifungal General Tonic reduced Bd
prevalence and disease load in Alytes obstetricans tadpoles during laboratory trials
(Geiger and Schmidt 2013). However, in field trials, Geiger et al. (2017) did not find that
fungicide application had lasting effects on controlling Bd disease outbreak in A.
obstetricans. Moreover, Rohr et al. (2017) found that Bd prevalence was positively
correlated with fungicide concentrations found in ponds. The authors suggest that if a
fungicide does not completely eradicate Bd or Bd re-colonizes the skin, the fungicide may
instead cause other complications for the amphibian including increases in stress levels,
immunosuppression, and disruption of the natural microbiome. Chemical pesticides have
different modes of action depending on the pest being managed (i.e., fungicide,
insecticide, herbicide) and complex relationships with wildlife diseases that are still not
fully understood.
While chemical pesticides are known to impact the ecology of tadpoles in pond
environments, very little is known about how microbial pesticides, or biocides, interact
with tadpoles. Biocides, which include a live microbial component, are utilized in a wide
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range of habitats and have been found in waterways following application (Menon and de
Mestral 1985). Yet, there are no studies evaluating potential effects on tadpoles exposed
to Bd and microbial biocides. Commercial formulations consist of a bacterial active
ingredient and inert ingredients. Thus, these biocides interact with the environment and
non-target organisms differently than chemical pesticides, introducing both biotic and
abiotic factors. Inert ingredients serve many functions including adhesion of the product
to plants, a nutrient source for the bacterial ingredients, and protectants that temporarily
guard the insecticidal toxin from destructive UV radiation (Brar et al. 2006). These
ingredients are often undisclosed by production companies but biocides are considered a
safe alternative to chemical pesticides because inert ingredients are required to be GRAS
(Generally Regarded As Safe) food-safe ingredients (USDA 2004). The most common
microbial pesticides, or biocides, on the market are made from Bacillus thuringiensis
(Bt). Bt exhibits insecticidal properties under favorable conditions and applied to crops,
forests, and water bodies to control larval insect pests (Sansinenea 2012). Importantly, Bt
is already ubiquitous in the environment (Martin and Travers 1989), so these biocides do
not introduce a new species into naïve environments. However, use of these biocides
increases the abundance of Bt in the environment (Menon and de Mestral 1985).
Moreover, subspecies of Bt bacteria used in biocides have specific toxicity to insect
groups, which minimizes the insecticidal effects on non-target insect organisms. For
instance, Bt subsp. israelensis produces insecticidal toxins that specifically affects
Dipterans and utilized to control mosquito larvae in ponds (Sansinenea 2012). Bt subsp.
kurstaki is active against Lepidopteran pests and applied to crops to control herbivorous
larvae of this order. While Bt is primarily used for its insecticidal properties, it also
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produces antifungal secondary metabolites that have broaden its utility to include
biocontrol against fungal plant pathogens (Zheng et al. 2013). Because Bt biocides are
applied to so many habitats, including those utilized by amphibians, it is probable that
pond-dwelling amphibians are exposed to these formulations.
Some chemical antifungals have successfully reduced Bd infection loads in larval
anurans during laboratory trials, but do not work or cause mortality in field trials (Hanlon
et al. 2015; Geiger et al. 2017; Rohr et al. 2017). However, microbial biocides with are
considered safe to non-target organisms. Moreover, bacteria from these biocides, with
antifungal properties, persist in the environment, and, yet, they have not been evaluated
as a disease mitigation strategy for Bd. In vitro trials provided evidence that Bt kurstaki
isolated from a biocide (Monterey B.t.) had inhibitory properties on Bd (Weeks;
unpublished). Furthermore, in laboratory exposures of biocide-derived Bt kurstaki prior
to Bd, adult Lithobates sphenocephalus (Southern Leopard Frog) exhibited a trend toward
reduced infection loads over time (Weeks; unpublished). This evidence suggests the
bacteria from microbial biocides interacts with Bd within and outside a host and warrants
further investigation in an ecologically relevant setting.
Outdoor mesocosms are the most ecologically relevant approach to disentangle
the life history effects of disease on larval anurans. Mesocosms recreate natural trophic
levels that tadpoles interact with in a pond environment, including phytoplankton and
zooplankton. Tadpoles are important consumers in food webs of pond ecosystems
(Rowland et al. 2016) and reduced foraging efficiency could cause collateral effects. For
instance, Bd-damaged mouthparts of tadpoles resulted in smaller tadpoles in the
laboratory from reduced foraging efficiency (Venesky et al. 2010). For instance, if
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tadpoles are not able to effectively remove algae from a pond, this can result in deadly
phytoplankton blooms. This interaction would only be observable in mesocosm
experiments.
In mesocosm experiments, chemical pesticides can also lead to cascading trophic
effects (Relyea and Diecks 2008; Hanlon et al. 2015). Hanlon et al. (2015) found that
addition of the fungicide thiophanate-methyl (TM) to mesocosm environments caused
100% mortality in Lithobates sphenocephalus. However, in the laboratory, TM did not
cause mortality and it cleared Bd infections (Hanlon et al. 2012). The authors found that
in the mesocosm environments, TM may have caused a trophic cascade, leading to the
high mortality rates observed. Additionally, evidence suggests that Bt subsp. israelensis
cause mortality in some zooplankton species at low concentrations (Olmo et al. 2016).
Interactive effects on the entire food web may lead to unforeseen mortality of larval
anurans. Hamilton et al. (2012) found that Daphnia is a keystone zooplankton grazer in
mesocosms with a crucial role in heath and survival of tadpoles. A previous risk
assessment study has indicated that Bt subsp. kurstaki (Btk) formulations are moderately
toxic to Daphnia magna after prolonged 21-day exposure (Young 1990), but Richardson
and Perrin (1994) reported no negative effects of Btk formulations on non-target aquatic
macroinvertebrates. These studies underscore the importance of assessing the effects of
pesticides and disease on larval anurans in a community context.
Following the spring breeding season for many pond-dwelling anurans in eastern
North America, new tadpoles form keratinized mouthparts early in development
(Marantelli et al. 2004) which can become infected with Bd. If Bd is present in a pond,
and a tadpole species is susceptible, infection may occur as soon as keratinized tissue is
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present in the mouthparts. Also during this season, microbial biocides are being sprayed
(typically weekly or following rainfall), increasing exposure to tadpoles. In this
environmental scenario, I would predict that larval anurans are first infected with Bd and
then exposed to biocides. I tested the hypothesis that survival of Btk spores in water after
an overspray of Monterey B.t. may reduce pathogen loads or cure tadpoles of Bd
infection. Specifically, I predicted that Bd-infected tadpoles exposed to Btk post-infection
in mesocosm environments would exhibit reduced infection loads after metamorphosis. I
used L. sphenocephalus for these trials because they are known to be susceptible to Bd
(Hanlon et al. 2012) and previous studies have shown a trend toward Bt kurstaki
inhibition of Bd disease loads on adults of this species (Weeks; unpublished).

MATERIALS AND METHODS
Animal Collection and Husbandry
During March 2017 breeding events, ~20% portion of L. sphenocephalus eggs
were collected from 15 clutches spanning 3 local ponds at University of Memphis
Edward J. Meeman Biological Field Station (35°23’22.66”N 90°02’15.75”W). Eggs were
placed in 8L aquaria at the University of Memphis where they were hatched and
maintained on a on a 14:10 light:dark cycle at 22 °C. When the tadpoles reached freeswimming stage (Gosner 25; Gosner 1960), they were fed finely-ground Tetramin Fish
Food Flakes every 3 days.
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Batrachochytrium dendrobatidis exposures
Bd exposures were completed in the laboratory using the Bd strain FMB 003. This
isolate was obtained from an infected L. sphenocephalus adult captured at University of
Memphis Edward J. Meeman Biological Field Station in May 2010. This Bd stock culture
of this isolate was maintained in the laboratory in 1% tryptone broth following standard
protocol (Longcore et al. 1999). Cultures used for inoculation in this experiment were
grown by inoculating 1% tryptone agar plates with 2 ml of the Bd stock culture. These
plates were sealed and incubated at room temperature for 10 days. To harvest zoospores
from the plates, I flooded Bd plates with 5 of mL of aged tap water and collected liquid
after 45 minutes. After combining liquid from all plates, I counted zoospores using a
hemocytometer. Tadpoles (Gosner 26-30) were placed in 100 ml water baths (2
individuals in each 250 ml container) and either exposed to 1.75 ml of Bd inoculate (5.4 x
106 zoospores/ml) or 1.75 ml of zoospore-free water rinsed from 1% tryptone agar plates
for 36 hours. This concentration of Bd has successfully infected larval L. sphenocephalus
in laboratory environments (Hanlon et al. 2015). After 1 week, tadpoles were randomly
selected and placed in mesocosms according to treatment group (outlined below). A
subsample of tadpoles (n=10) was collected and destructively sampled with MS-222 to
use mouthparts for confirmation of Bd infection.
Experimental Design
Mesocosms were established in polyethylene tanks at the University of Memphis Edward
J. Meeman Biological Field Station. Tanks were filled to a depth of 30.5 cm (~613 L) and
300g of dried leaf litter (primarily Quercus species) was added. In addition, a 100-ml
aliquot of zooplankton suspension was added from a local pond (Hanlon et al. 2015).
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Two weeks after allowing the zooplankton and algal communities to establish, tadpoles
were randomly assigned and added to their respective mesocosm treatment tanks (n=17
per mesocosm; n = 6 mesocosms per treatment ). Four treatment groups were included to
address the hypothesis including: Negative control (N) with no exposures, Monterey B.t.
exposed (Btk), Bd-exposed (Bd), and a group exposed to both Bd and Monterey B.t.
(BB). Mesocosms in the array were randomly assigned treatments prior to the addition of
tadpoles. Fiberglass mesh lids were fastened to the top of each tank to prevent invasion
by predators or conspecifics.
Monterey B.t. application
The expected environmental concentration of Monterey B.t. (0.0042 ml/L) was
used for the exposures in this study. This value was calculated for a shallow water depth
(depth = 6 in) following a direct overspray at the application rate of 2 fl oz /1000 sq. ft
per the manufacturer’s label (following U.S. EPA 1996; EPA Tier 1 Microbial Pesticide
Test Guidelines for freshwater fish). To achieve this concentration in the 613L
mesocosms, 2.5 mL was applied every 10 days (per suggested application rate on the
label). To ensure a precise volume was applied, a MidSci pipette was used to administer
the Monterey B.t. in a circular motion over the mesocosm. Negative control (N) and Bdexposed (Bd) tanks received the same disturbance but with 2.5 mL of water applied.
Data collection
Mesocosms were monitored daily for any mortality or individuals exhibiting signs of
metamorphosis (emergence of front limbs; Gosner 42). Individuals at Gosner 42 were
removed with a net that was sterilized with 10% bleach and rinsed in water between each
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individual. Each individual was moved to the laboratory and placed in their own sterile,
1.5 L plastic terrarium with aged tap water and sphagnum moss until the tail was
completely reabsorbed indicating completion of metamorphosis. These terrariums were
kept under 14:10-h light:dark cycle at 22 ºC, checked daily, and cleaned every 4 days.
Individuals do not feed until metamorphosis is complete. As individuals completed
metamorphosis, I measured their mass, snout-vent-length (SVL), and recorded the
number of days-to-metamorphosis (DTM). Additionally, using fresh gloves with each
individual, I swabbed the ventral posterior patch, dorsal surface, and ventral side of both
hind legs 5 times with a sterile cotton swab. Swabs were stored at -20 C until analysis.

Bd swab analysis
To assess Bd infection status of individual, DNeasy Blood and Tissue DNA Extraction
Kit (Qiagen, Valencia, CA USA, animal tissue protocol) was used to extract DNA from
swabs. I then used Real-time quantitative PCR to quantify extracted Bd DNA (following
Boyle et al. 2004). I included a plasmid standard dilution series (Pisces Molecular,
Boulder, CO, USA), to quantify zoospore genomic equivalents. Sterile water was used
for a negative control and a positive control was provided by extracted Bd DNA from a
Bd culture swab. All controls, standards, and samples were run in duplicate.
Statistical analysis
I used SAS (version 9.4) for all analyses. A general linear model (GLM) with a
MANCOVA was used to test for a multivariate effect of the independent variables
(Treatment, Tank) on each dependent variable (mass, days-to-metamorphosis [DtM]),
using snout-vent length (SVL) as a covariate. Tank was included as a random
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independent variable to account for the nonindependence of the measurements from
individuals within tanks. For significant effects in the multivariate model, subsequent
univariate analyses were carried out for each dependent variable. An ANOVA was used
to assess treatment effects on survival with proportion surviving in each tank as the
variable tested. Individuals were included as “survived” if they were alive and accounted
for out of the number of individuals added on Day 0 of the experiment to each tank
(n=17). A Duncan’s Post-hoc was used for the survival analysis to observe slight
differences among the treatment groups. Results were considered significant at P < 0.05
and are reported as least-squares means ± standard error.

RESULTS
Life History Effects
The MANCOVA model indicated significant main effects on the dependent
variables (Table 1). Treatment had an overall significant effect as well as the effect of
tank nested within treatment. SVL was also a significant covariate for the model and
maintained in the univariate analyses for mass and DtM. In the univariate analyses,
treatment showed a close, but non-significant effect on mass (Fig. 1; Table 1). While not
statistically significant, frogs from the Bd group exhibited a clear trend toward higher
mass of metamorphs relative to the other groups (Fig. 1). In the univariate analysis for
DtM, the variation was large and no significant differences were found among treatment
groups.
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Survival
The ANOVA for survival indicated a borderline significant effect of treatment on
the proportion of individuals surviving in each tank (Fig. 3; F3,20 = 2.91; P = 0.059). A
Duncan’s Post-hoc indicated that survival was reduced in the Bd group compared to the
N and Btk groups but did not differ from the BB group.
Bd confirmation
Bd infections were not found in metamorphs from any of the treatments, including
the Bd group. However, in a subsample of tadpoles (n =10) from 1 week after Bd
exposure, there was a 67% infection prevalence. Variation in tadpole Bd infection status
has been observed among species using our Bd isolate (see Venesky et al. 2009), but this
still allows me to compare how Bd exposure affected the measured life history traits in
the presence or absence of microbial pesticides. Bd releases chemicals into the
environment that can also have an impact on tadpoles during short term exposures
(Brutyn et al. 2012; McMahaon et al. 2013a).
Table 1. Results of MANCOVA and ANCOVA.
Multivariate
Pillai’s Trace
Treatment (df=6,526)
0.11
Tank [Treatment] (df=40,526)
0.46
SVL* (df=2,262)
0.76
Mass
Treatment (df=3,20.6)
Tank [Treatment] (df=20,263)
SVL (df=1,263)

F
5.12
3.96
422.9

P
<0.001
<0.001
<0.001

2.55
3.58
820

0.08
<0.001
<0.001

DtM
Treatment (df=3,20.6)
0.38
0.77
Tank [Treatment] (df=20,263)
4.30
<0.001
SVL (df=1,263)
10.6
0.001
*SVL was included as a covariate in the MANCOVA and maintained in univariate
analyses because of significant covariance with the dependent factors.
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Figure 1. Mass of individuals upon reaching metamorphosis (least-squares means ±
SE). Standard errors calculated using Type III MS for tank nested within treatment.
Treatment groups are (N) negative control, (Btk) bacteria exposure, (Bd) Bd
exposure, (BB) bacteria + Bd exposure.

50
40
30
20
10
0
N

Btk

Bd

BB

Figure 2. Days to Metamorphosis (DtM; Gosner 46) for individuals among
treatment groups (least-squares means ± SE). Standard errors calculated using
Type III MS for tank nested within treatment. Treatment groups are (N) negative
control, (Btk) bacteria exposure, (Bd) Bd exposure, (BB) bacteria + Bd exposure.
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Figure 3. Percent survival for individuals among treatment groups (means ±
SE). Treatment groups are (N) negative control, (Btk) bacteria exposure, (Bd)
Bd exposure, (BB) bacteria + Bd exposure. ANOVA revealed that survival
was borderline significant (F3,20 = 2.91; P = 0.059). A Duncan’s Post-hoc
indicated that there was reduced survival in the Bd group compared to the N
and Btk groups but did not differ from the BB group.

DISCUSSION
This study provides knowledge that was not previously available concerning the
impact microbial biocides on amphibians in a community environment. Unlike other
chemical pesticides that led to tadpole mortality in mesocosms (Boone and James 2003;
Hanlon et al. 2015), an expected environmental concentration (EEC) of Monterey B.t.
does not appear to cause L. sphenocephalus tadpole mortality or trophic cascades that
could cause a tadpole die-off. While measures of community dynamics were beyond the
scope of this project, trophic cascades are known to affect amphibian survival. I did not
see evidence for this in the Btk (Monterey B. t.)-exposed group, nor did I observe any
phytoplankton blooms in the tanks. This supports my previous finding that
environmentally relevant doses of Monterey B.t. do not cause mortality to embryos or
tadpole larvae in a laboratory setting (Weeks; unpublished). Furthermore, this experiment
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provided evidence that Monterey B.t. exposure does not significantly alter developmental
rates or mass upon metamorphosis at these low doses. This finding provides limited
support for the general assumption that microbial biocides are safe to non-target
organisms. If biocides are not harmful to amphibians in the lab or in community settings,
this is a significant advantage over chemical pesticides that are known to have a range of
negative effects on non-target organisms (Köhler and Triebskorn 2013). Of course,
further trials are needed to assess more physiological traits following biocide exposure
(i.e., immunocompetence, corticosterone levels) to rule out other sublethal effects.
The clearance of Bd infection from all individuals in the experiment prevents the
support or rejection of my hypothesis that Monterey B.t. exposure would mitigate Bd
infection in tadpoles. The absence of Bd infections upon metamorphosis suggests that
individuals cleared infections during the study. The qPCR assay revealed a 67% infection
prevalence among the subsample of tadpoles used for confirmation following Bd
exposure. It is plausible that a percentage of individuals were not susceptible to infection,
which has been observed in previous studies (see Venesky et al. 2009). However, even in
the absence of infection, exposure to Bd can still impact amphibian health. Bd releases
toxins that cause pathology in crayfish in the absence of infection (McMahon et al.
2013a) and compromise cellular integrity of the host. For example, Brutyn et al. (2012)
found that exposure of amphibian skin to Bd zoospore supernatant caused breakdown of
intercellular junctions. Upon further analysis, they found that the zoospores produce a
complex protein mixture that causes cell death in amphibian skin. Moreover, Jani and
Briggs (2018) found that Bd can disrupt the microbial community on the skin of
amphibians, which can lead to secondary infections. The cutaneous microbiome has been
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recognized as an important factor in Bd disease resistance. Some amphibians carry antifungal bacteria that are effective against Bd infection (Harris et al. 2009; Woodhams et al.
2015). While tadpoles do not experience Bd colonization of the skin, the acute exposure
to Bd may be enough time for Bd zoospores to release toxins that impact microbial
communities. Kueneman et al. (2016) found 14 unique fungal taxa on the skin of tadpoles
in low abundance. However, tadpoles are thought to carry a large number of protective
antifungal bacteria on their skin which may maintain this a stable balance and prevent
secondary infections from fungal overgrowth (Kueneman et al. 2016). However, the
presence of Bd zoospores may disrupt this balance.
The effects of the treatments on mass were not statistically significant, but there
appears to be a clear trend for increased mass in the Bd group metamorphs relative to
other treatments. There was no significant difference or observable trend in
developmental timing (DtM) but there was a borderline significant effect of treatment on
survival. Post-hoc tests indicated that the Bd group experienced lower survival than the
negative control or the Btk group (by about 13%). Yet, survival in the Bd group was not
significantly from the BB group. This further suggests that Bd exposure that took place in
the BB group slightly reduced survival relative to the Btk group or negative control.
Reduced survival in the Bd treatment may have resulted in a competitive release leading
to higher mass upon metamorphosis. With a reduction of larval density, intraspecific
competition is reduced and more food is available per individual. Assuming individuals
died in the Bd mesocosms early in the experiment, the remaining individual may have
benefited from having more resources. Density effects have clear impacts on body size of
tadpoles (Semlitch et al. 1982; Hanlon et al. 2015). However, Hanlon et al. (2015) found
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that at low mesocosm densities comparable to this study (n=15), L. sphenocephalus
metamorphs exposed to Bd as larvae also exhibited slightly higher mass than other
groups without a significant impact on survival. Thus, competitive release is unlikely
considering the low density of individuals in each tank. Yet, Hanlon et al. (2012) also
found that in laboratory experiments, L. sphenocephalus individuals cleared of Bd
infection after exposure to a fungicide exhibited higher mass than the group only exposed
to the fungicide. As the authors describe, this may be attributable to compensatory
growth where release from stressful circumstances leads to rapid weight-gain in the
individual (Ali et al. 2003; Hsu et al. 2016). Demarchi et al. (2015) found that Bd
infection causes a decrease in tadpole food consumption independent of mouthpart
damage. If tadpoles in the Bd-exposed tanks cleared infection early enough and
experienced minimal mouthpart damage, this may explain the heavier metamorphs
observed in the Bd group. While I was not able to conclude how Btk interacted with Bd in
this community setting, there are other ways biocides can alter disease dynamics.
Biocontrol using microorganisms is at the frontier of wildlife disease research.
For instance, North American bat populations are experiencing declines from a
pathogenic fungus, Pseudogymnoascus destructans, that causes white-nose syndrome
(Blehert et al. 2009). This fungus grows on surfaces within caves, suggesting
environmental control using antifungal bacteria would be effective at reducing the
pathogen within hibernacula (Cornelison et al. 2014; Micalizzi et al. 2017; Verant et al.
2017). Similarly, in laboratory studies, antifungal bacteria, Janthinobacterium lividum,
can colonize the skin of adult amphibians from a soil reservoir and prevent Bd (Muletz et
al. 2012). Additionally, these anti-Bd bacteria can be added to the skin of amphibians
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where they prevent or mitigate Bd infection (Harris et al. 2009). While amphibian species
is a strong predictor of these symbiotic microbial communities, the environment is also a
contributor to the bacteria present (Kuenman et al. 2013). The environmental reservoir of
bacteria plays a large role in the microbiome of plants and animals (Ryu et al. 2004;
Kueneman et al. 2013; Ganz et al. 2017; Hoffman 2017). Microbial biocides persist in the
environment and may interact with environmental reservoirs for diseases such as Bd. and
the persistence of a microbial or fungal pathogen in the. For instance, surveys have found
Btk in rivers following aerial spraying of a commercial formulation (Menon and de
Mestral 1985). Effects of Bt biocides on the environmental reservoir of bacteria have
found conflicting data. Zhange et al. (2008) found that Bt exposure significantly changed
the microbial community on plant surfaces. However, other studies have found evidence
supporting and refuting Bt effects on soil communities (reviewed in Addison 1993).
Additionally, aquatic microbial decomposers do not appear to be affected by Btk
(Kreutzweiser et al. 1996), but perhaps further investigation is needed to assess effects on
other microorganisms.
Bd is a unique wildlife pathogen because it can remain viable and infectious
outside of a host for up to 7 weeks in the aquatic environment (Johnson and Speare
2003). Therefore, even if a highly virulent Bd strain led to a mortality event of a small
population, persistence in the environment may cause infection of new hosts. Moreover,
the use of water as a vector and motile zoospores facilitate exposure to a large
assemblage of amphibians in both lentic and lotic habitats. However, in a previous study,
I found that Btk isolated from Monterey B.t. inhibits the growth of Bd outside of a host
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(Weeks; unpublished). Therefore, microbial biocides should be considered for their role
in the aquatic microbial reservoir in a disease context.
Finally, other organisms that share habitats with amphibians interact in Bd disease
dynamics as well. Crayfish were also found to carry Bd in their gastrointestinal tract and
maintained infection for at least 12 weeks (McMahon et al. 2013). Additional
experiments also determined that infected crayfish can infect amphibians. However, the
presence of some organisms is beneficial to amphibians in a Bd environment. The
freshwater zooplankton Daphnia consume Bd zoospores thereby reducing pathogen loads
in the aquatic reservoir (Searle et al. 2013). If biocides contribute to environmental
control of Bd in aquatic reservoirs, this can reduce overall pathogen load in the
environment and the non-amphibian biological reservoirs. Evidence of these complex
community level effects on Bd disease dynamics, it would be beneficial to know how
microbial pesticides interact with environmental and biological reservoirs across trophic
levels and its role in disease dynamics. Thus far, evidence suggests biocides are not
harmful to amphibians and laboratory studies show antifungal potential of Btk to Bd,
warranting further studies.
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CHAPTER 6: CONCLUSIONS
The data presented in this dissertation suggest that Bacillus thuringiensis var.
kurstaki bacteria from Monterey B.t. microbial pesticide may play a role in the disease
dynamics between amphibians and Batrachochytrium dendrobatidis (Bd). Moreover, this
formulation is not toxic to Lithobates sphenocephalus larvae in environmentally relevant
doses in the laboratory or mesocosm environments. In Chapter 2, I found that Bacillus
thuringiensis var. kurstaki (Btk), cultured from Monterey B.t., significantly inhibited
growth of Bd outside of a host. In Chapter 3, I investigated the safety of Monterey B.t. in
offspring of an amphibian. I found that in environmentally expected doses, Monterey B.t.
does not cause mortality in embryos or larvae of L. sphenocephalus. In Chapter 4,
exposing L. sphenocephalus adults to biopesticide-derived Btk, prior to Bd exposure,
resulted in a trend toward lower infection prevalence and infection intensity. Finally, in
Chapter 5, I assessed the safety of Monterey B.t. and its ability to cure Bd-infected
tadpoles in a mesocosm environment. All individuals in the experiment cleared Bd
infection, so this hypothesis from Chapter 5 remains to be tested. However, Monterey B.t.
did not alter developmental rates, size at metamorphosis, or cause significant mortality in
L. sphenocephalus in mesocosm environments. This research provides evidence that
microbial pesticides may be beneficial to non-target organisms, such as amphibians, if
increased environmental abundance leads to Bd inhibition or mitigation. The antifungal
activity of Btk warrants further investigation into the role B. thuringiensis pesticides play
in wildlife diseases.
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